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ABSTRACT

The objective of this study was to establish the
characteristics and methods of control of alkali metal fires.
A review of present practices used in alkali metal fire control
is presented. A section is also included on the physical and
chemical properties of the alkali metals.

The effects of inert gas blanketing and oxygen partial
pressure were evaluated., It was found that reduction of oxygen
partial pressure was effective in inhibiting ignition and de-
gree of combustion of lithium, sodium, NaK and potassium., Ru-
bidium and cesium did not ignite, i.e., there was no emission
of smoke or flame, but they completely oxidized even at lower
oxygen partial pressures, Reduced oxygen partial pressure was
also effective in inhibiting ignition of alkali metal jet streams.

A number of different salts, organic liquids, and
polyurethane foam were evaluated with respect to alkali metal
fire extinguishment. Met-L-X and TEC Powder were the most
effective salts which were evaluated. The ratio of TEC Powder/
alkali metal was 0.4 for 100 Ib sodium fires and 0.2 for 500 1b
sodium fires. Polyurethane foam was found to be effective on
low temperature (1000°F) fires and was useful on alkali metal
fires on or under insulation. Organic liquids were not particu-
larly effective on alkali metal fires and in most cases the
secondary organic fire was more severe than the alkali metal fire.

A section is presented on a typical alkali metal
system which might be used to generate electrical power in space.
The major fire hazards during the various phases of charging,
injection into orbit and in-flight operations are outlined.
Fire control procedures for each of the phases are outlined,

This technical documentary report has been reviewed
and is approved,
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BLACKWELL C. DUNNAM, Chief
Support Techniques Branch
AF Aero Propulsion Laboratory
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I. INTRODUCTION

The auvent of aerospace flight has resulted in increaseu
temperature requirements for fluids used as heat transfer media,
working fluidas, hydraulic fluius and lubricants. The alkali metals
have been selectcu as the most promising fluias since they exhit
the following physical characteristics:

1. Long liquidus range - 354°F (179°C) to
2403°F (1317 C) for lithium,

2. Relatively low meiting yOlntS - 83°Tr (28.5°C)
for cesium to 354°” (179°C) for lithium;
NaK-78 melts at 10°F (-12.3°C)*,

3. High boiling 901nts - 1270 F (688°C) for
rub101u1 to 2403°F (1317°C) for lithium.

4, Hléh transfcr coefficients - 06400 Btu/hr-
°F/ft for socium, .

5. High teupecrature stability.

6. .non-corrousive when pure,

Lithium anu souium are being consiuereu as heat transfer media for
nuclear reactors ana solar heat sources. Potassium, rubidium and
cesium are being investigatec as potential workhing fluids for tur-
bines. The feasilility of icn engines using cesium has been demon-
strateu and cesium is being useu in thermionic converters ana other
thermoelectric devices, A number of low melting binary, ternary
and quaternary alkali metals are being considercu as lubricants

and hydraulic fluius.

Alkali metals, particularly sodium, have been used in
inaustry for many ycars as heat transfer media anua reaction media.
These metals are extremely rcactive with atmospheric gases, water,
many organic materials, and a number of materials of construction,
thus system uesign anu formulation of operational procedures with

*A multlcomponent alkali metal alloy with a f[reezing point of
-94°F (-70°C) has been aevelopeu recently,

Manuscript releaseu by authors in Septernber 1964 for publication
as a RTLD Technical Documentary Report,




respect to safety are given particular consideration, Most systems
are surrounded by some sort of metal shielding to protect both
personnel and equipment in the event of an alkali metal leak., A
drip pan of sufficient size to contain all of the alkali metal in

a system is usually positioneu beneath the system, Water lines

and urains are generally excluueu from the immediate vicinity of
the  system, Hanuling techniques and fire extinguishment anu con-
trol procecures have evolveu from this experience with land-based
systems.,

In sjpace, alnali metal ignition characteristics and
fire control proceuures might differ from those on earth, It may
not be possible to extensively shield the system because of the
wieght penalty imposed. A arip pan would be of limited value if
the craft is not subjected to an artifical gravitational field;
leaking alkali metal could migrate to any spatial location in the
absence of a gravitational field. In certain cases, the compart-
ment atmosphere may be pure oxygen at some reauced pressure; this
could enhance combustion of the alkali metal. Conversely, it may
be possible to operate a system in a compartment exhausted to the
vacuum of s, ace; in this case, combustion of the alkali metal
would be eliminateu.

Historically, three methods are used to control or ex-
tinguish fires:

1. Remove fuel
2. Remove oxiuizer
3. Remove heat

Kecently, a fourth technique has come into being - disruption of
the chain reaction in the combustion zone by removal of free radicals
produced in the flame. With fires resulting from the combustion of
wooa, paper, flammable organic liquids and gases, and electrical
fires, these procedures can be useu, A natural gas fire can be
aquellea by shutting off the fuel supply. Oxygen can be excluded
from the area by use of CO, or foam. Heat is generally removed by
applying a volatile heat &ésorbing material such as water or
bromochloromethane to the fire. Alkali metal bicarbonates are
being usea to supply ions which will react with free radicals to
inhibit flame propogation. The three primary methods of fire ex-
tinguishment can be avaptea to alkali metal fires, although the
proceuures differ somewhat from those normally used for ABC fires.

Removal of fuel with respect to alkali metal fires is
normally accomplisheu by lowering the cover gas pressure on the
system to reduce the lecakage rate, valving-off{ or freezing the




leaking secticn, or draining the alkali metal into a sump tank.,
This procedure controls the severity anu magnituue of an alkali
metal fire but uoes not eliminate combustion of the metal which
has escapeu from a system, Two proceuures are used to exclude
oxygen from an alkali metal fire - (1) inert gas blanketing anu
(2) smothering with a non-reactive material such as an allkali
metal chloride or graphite. HHeat has been removeu by plunging
a colu iron bar into the burning melt, but this method 1is not
generally amenable to an actual alkali metal {ire,

IT. SCOPE OF PROGRAM

The purpose of the stuuy describeu in this report was
to investigate agents and techniques for extinguishment and con-
trol of fires resulting from leakage of high temperature and high
pressure alkaii metals under normal atmospheric and reduced at-
mospheric environments., The program was subaivideu intc seven
major phases of investigation:

Phase 1 - Review cf Current Practices for Ex-
tinguishment anu Control of Alkali
Metal Fires

Phase I1I - rneview of Physical and Chemical Properties
of Alkali Metals With Respect to Fire
Control and kxtinguishment

Phase III - Effects of Inert Gas Blanketing and
Oxygen Partial Pressures on Alkali Metal
IFires

Phave IV - kxtinguishment of Alkali Metal Fires

Using Inorganic Salts and Salt Mixtures

Phave V - Extinguishment of Alkali Metal Fires
Using Inorganic Salt Foams

Phave VI - Characterization of Alkali Metal Jet
Stream Ignition at Various Pressure
Conditions

Phave VII - Extinguishment of Large Scale TFires

Phases I anu II consistcu of a literature review to
aetermine present practices usec in allali metal fire contrci anu




extinguishment and the effects of chemical and physical charac-
teristics of the alkali metal on thesc controls. The following
items were of particular importance:

1. Techniques anu procedures used in
alkali metal fire fighting.

2, Extinguishants used on alkali metal fires.

3. Mcthods of containing or confining leaking
metal.,

4, Post fire clean-up procedures.

5. Survey of conuitions unuer which fires
can occur and evaluation of how these con-
ditions will affect fire control,

6. Flame temperatures of the alkali metals,

7. Compatibility of burning alkali metals
with various niaterials of construction.

8., Toxicity problens.

In awuition to the literature review, an incustrial survey was
rade to determine alkali metal fire control procecvures which are
used at various sites throughout the country,

The effects of inert gas bLlanketing and oxygen partial
pressures on alkali metal fires were evaluateu in Phase III. This
was performed in a combustion chamber where the atmosphere was
varieu from normal atmospheric compesition to 905 \r-10% air.

The use of inorganic salts anu salt mixtures was evaluated
in Phase IV, Data were collecteu on the rate of extinguishment and
the quantity of extinguishant required as a function of fire size.

The original objective of Phase V was to evaluate the
use of inorganic salt foams as alkali metal fire control media. Une
fortunately, foams are generally water baseua and hence are not com-
patible with alkali metals. Organic foams were evaluated and showed
sone uegree of promise.

Characteristics of alkali metal jet stream ignition were
evaluateu in Phase VI, This work was performed in the chamber used
in the Phase III stuuy,

Lxtinguishment of large scale fires ranging from 100 to
500 pounus of metal was evaluateu in Thase VII. The results in-
aicateu that uata collecteu on a 10 1b fire coulu be extrapolated
to larger fires,




ITI. REVIEW OF CURRENT ALKALI METAL FIRL
CONTROL PRACTICES (PHASE I)

The literature was reviewed to determine current practices
for extinguishment and control of alkali metal fires. As would be
expected, the information is scant) on alkali metal fires, but wood
fires, hydrocarbon fires and the like are described more extensively,
Fire Research Abstracts and Reviews(l) which was first published in
1958 ueals extensively with the characteristics and techniques of
extinguishing woou anua flammable liquid fires. It is eviudent
from these journals that fire research is advancing rapidly.

The results of the literature survey are summarized in
Appenaix I and Appendix II. The data presented in Appendix I re-
lates to non-alkali metal fires and includes a discussion of com-
bustion under zero gravity conditions.

Appendix II summarizes the current practices of alkali
metal fire control and extinguishment. Results of a survey of a
number of sites using alkali metals are also included in this
appendix. Review of these practices leu to the following con-
clusions:

1. Proper system design, construction and
operation are essential for safe handling
of alkali metals,

a, System must be shielded to protect
personnel and equipment.

b. DUrip pans nust be provided to contain
ana leaking metal.

c. Sump tanks must be provided to aid
in removal of fuel from fire,.

d. Systems must not be located in areas
which contain materials which react
with the alkali metals,

2. Protective equipment must be worn to protect
personnel from injury anu provide maximum fire
fighting efficiency.

a., HHeaud protection - haru hat

b. Face protection - face shield

c¢. Eye protection - side shield goggles




d. Hand protection - chrome leather gloves

e. Body protection - loose fitting coveralls

or clothing or chrome leather aprons

f. Foot protection - leather safety shoes

g. Respiratory protection - respirator or
self contained breathing apparatus
depending upon the severity and
nature of the fire

3. Extinguishants and techniques will depend upon
the type of alkali metal and size of the fire.

a. Extinguishant should be applied gently
in the form of a thick, smothering layer

i - Shovel or scoop application is suit-
able for small scale, well contained
fires.

ii - Pressurizea extinguisher application
is recommenued for large fires.

b. Extinguishing agents used will be dictated

by the nature of the fire,

i Lithium - graphite

ii - Sodium - treated NaCl

i1i - Potassium - treated NaCl

iv - NaK - treatea NaCl

v - Rubidium and Cesium - there is

essentially no practical background
on fire fighting of these metals,
It is assumed the NaCl will work
well on these as on sodium and
potassium fires.

4, Proper aisposal of a fire residue will minimize
hazards,

a. Resiaues shoulu be cleaned up as soon as
they have coolea,

b. NaK and cesium are particularly trouble-

some since they are liquid at room tempera-

ture,




c. Residues of potassium, rubicium and
cesium fires may contain superoxides
which are excellent oxidizing agents
anu react explosively with a number
of organic materials.,

u, Complete combustion of the residue in
a alsposal area 1s recommenued, Re-
siuues may also be aestroyeu by dumping
into a2 water pit if proper precautions
are observed.

IV, REVIEW OF PHYSICAL AND CHCMICAL PROPERTIES
OF ALKALI METALS (PHASE II)

A. INTRODUCTION

Physical and chemical characteristics of combustibles
must be considered in the development of fire fighting agents and
techniques., Gaseous or vapor fires must be fought differently
than combustible liquiu fires. The boiling point anu vapor pressure
of a flammable liquid are important facets of fire characteristics,
Flowing liquid fires are obviously more difficult to hanale than
stationary soliu fires. Scconuary reactions between extinguishant
and the fire must be consiuer u and a knowleuge of toxic properties
is a necessity when the fire .s to be fought by personnel at the
fire site. The factors which should be evaluateu in a stuay of
alkali metal fire fighting techniques are:

1. Chemical and physical properties of the
alkaii metals - melting point, boiling
point, heat of reaction, combustion pro-
ducts, soclubility of combustion products,
etc., '

2, Chemical anu physical properties of ex-
tinguishing agents - melting point,
Teactivity with alkali metals, stability

at flame temperature anu SO on.

3. Toxic properties of both the metals and
extinguishing agents.

B, PHYSICAL PROPEKTIES OF THLE ALKALI METALS

The phrsical properties of the allkali metals are listed
in Table 1. All of the alkali metals have a metallic luster in the
pure state anu all are silver in cclor except cesium vhich has a




TABLE 1 - PHYSICAL PROPERTIES OF THE ALKALT METALS

Lithium  Sodium Potassium Rubidium Cesium
Atomic number 3 11 19 37 55§
Atomic weight 6.940 22,991 39.10 8§5.48 132,91
Specific gravity 0,534 6.9721/  0.859 1,532 1,873
Specific heat(cal/gm/°C) 0.7951 0.292 0.173 0.0802 0.0482
Melting.point (°C) 186 97.7 63.6 39.0 28.45
(°F) 357 208 140 102 83
Heat of fusicn (cal/gm) 32.81 27.5 14,063 6,144 3.766
Heat of fusion (cal/gm atom) 228 632 572 525 501
Boiling point (°C) 1,336 892 774 696 670
(°F) 2,440 1,618 1,400 1,270 1,260

Heat of sublimation at

25°C{Kcal/gm atom) 36.44 25,95 21.52 20.50 18.83
Atomic radius in A° 1.56 1.86 2,23 2.43 2.62
Tonization potential (volts) 5.37 5.12 4,32 4,16 3.87
Oxidation potential at 77°F(25°C)

(E volts) 3.02 2.71 2,92 2,99 3.02
Flame coloration cariine yellow violet  bluish- bluc

red

Solubility of Q, at

500°1 (250°C)7 (%) 0.012 0.006 ~0.5 >1 »3
Hleat of formation

QAlL°,Kecal)* -142(Lip0) -99.4 -86.4 -78.9 -75.9

-47,2(1LizN)

*These values are biased on the assumption that the monoxides are formed

during combustion,
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golu color, They are relatively soft and of such a consistency
that they can be cut with a knife, ‘'their melting points are re-
latively low, ranging from 83°F for cesium to 357°F for lithium,
They exhibit excellent heat transfer properties, hence their use
as coolants 1s of interest. When contained in a pure state,
particularly free of oxygen, they are non-corrosive. The low
melting points auu to the complexity of alkali metal fires since
they are liquids at the flame temperatures. This property also
increases the reactivity of the alkali metals with many materials.,
In contact with water, the exothermic reaction raises the tempera-
ture, which causes the metal to melt, which increases the surface
area for reaction, For this reason lithium, with its higher
melting point, is less reactive than the other alkali metals.

Specific gravity of the allali metals must be considered
when a smothering salt is useu as the extinguishant., If the salt
has a higher specific gravity than the alkali metal,there is a
tenuency for the salt to sink exposing fresh ietal and extinguish-
ment cannot be obtaineu. Commercial preparations of NaCi (Sp.Cr., =
2.165) will sink in lithium (Sp. Gr. = 0.534) rendering this
material unsuitable as a lithium fire extinguishant. The uenser
netals, such as rubiuvium anud cesium shoula suppcrt a salt crust
better than the lighter alkali wmetals. liowever, lack of c¢cxiduc for-
mation on the surface uue to high oxygen solubilities in the
heavier alkhali metals can be uctrimental since there is no oxide
crust on which the extinguishant can be supportea.

Specific heat shoulu have some effect on the charac-
teristics of alkali metal fires. Lowever, the heat of ccunbustion,
1600 cal/y for sociun, is high enough to minimize any cooling effect
of the bulk of the metal.

Boiling points of the alkali metals are extremely high
comipared to boiling points of flammable organic fluius. rlany
liquius are flammable bLecause of the high vapor concentration abcve
the liquiu surface with the vapors burning rather than the liqguiu
itself. It is urnlikely that the alkali metals burn by this
mechanism although the boiling points of the metals are approacheu
in burning quiescent pools. lLowever, alkali metals can ignite at
temperatures where the vapor jressure is negligible - in fact
ignition will occur at a few degrees above the melting point,

C. CHEMICAL PROPLKTIES OF THE ALKALI NETALS

The alkali metals are all extremely chemically reactive,
with the reactivity increasing with an increase in atomic weight,
They are all strong reuucing agents anu reacaily form univalent
positive ions. Alkali metals react with water with explosive
violence. Although they ignite spontaneously in the atmnosphere,




it has been reporteu that they can be heatesd in an atmosphere of
ary oxygen to their melting points without reaction. Lithium
reacts with both oxygen and nitreogen in the atmosphere, forming
Li,0 anu LizN. Sodium xcacts with atmospheric oxygen forming
cither Naz0 or Naj0,. The remaining metais, potassium, rubidium
and cesium, react with oxygen to form superoxides of the form MO,
or My04. (The superoxiues are useful in self-contained breathing
apparatus and are now being considered as oxygen supplies in life
support systems in space vehicles.)

The alkali metals ignite spontaneously at temperatures
slightly above their meliing points. A significant temperature
range for ignition temperatures exists since spontaneous ignition
depends upon the humidity, character of the exposed surface, de-
gree of dispersion and so on. During combustion, only small flames
are visible but an intense light is radiated from the burning mass.

Alkali metals react exothermically with the halogens,
emitting light. Hence, halogenated hycurocarbons such as CCl, can-
not be used to extinguish alkali metal fires. The reaction of
alhali metals with CCl; is nearly as violent as the reaction with
water. In general, any of the alkali metals will reduce salts of
alkali netals of a higher atomi- weight. This factor nust be con-
sidered in choosing a salt extinguishant since reduction of the
salt can result in a fire of the alkali metal originally combineu
in the salt, For example, NaCl used on a lithium fire can result
in a socdium fire.

tiistorically, CO; has not been uscu as an extinguishant
for alkali wmetal fires. This is not to suggest that a violent
reaction will occur, but seconuary products which are formeu can
be hazaruous, Formation of CO in closed environments coulu lead
to asphyxiation of fire fighting personnel and it has been suggesteu
that carbouyls, which are potentially explosive in nature can be
formeau.,

D, TOXICITY OF THE ALKALI METALS

Because of their extreme reactivity, it is unlikely that
the alkali mectals will exist as free clements in the atmosphere,
However, the oXiues, hydroxiucs and carbonates can become airborne
anu pose inhalation hazarus. The principal hazaru seems to be
the caustic effect which can uama2ge lung tissue., Values for a
lethal dose of 50% (LD-50) of the alkaii(a?tal chlorides on in-
traperitoncal auministration in mice are

10




Salt LD-50 (ng-kg)

KCL 670
LiCl 1060
RbCl 1209
CsCl 16385
NaCl 3096

Cochran, et a1(3) reporteu an LD-50 of 1200 to 1500 mg/kg for
CsCl, Cspr, CsI anu CsNO3 and an Lb-50 of 100 mg/khg for CsOH. ‘he
caustic effect is uramatically shown by these comparative values.

V. LEFEFECTS OF INERT GAS BLANKETING ANU OXYGEN PARTIAL
PRESSURE ON ALKALI METAL FIRES (PHASL III)

A, INTKOUULCTION

The purpose of this phase of tihe stuuy was to uetermine
the effect of atmosplieric conuitions on the severity of an alkali
metal fire, Tiie effect of oxygen partial pressure at ncrmal at-
mospheric pressure anu the effects of reduced absolute pressure on
fire characteristics were stuuied. The data should inuicate the
atmospheric conuitions which can inhibit an alkali metal fire; it
shoula also uemonstrate the efiect of venting the compartment of a
high altituue craft. Table 2 shows the physical chazracteristics of
the atmosphere up to 100,300 ft, Evaluation of combustion charac-
teristics in pure oxygen atmospheres at recuceu pres: ‘re was not
a part of this stuay.

B, AI'PARATUS

The countrollea atmosphere combustion chamber was con-
structeu ¢f 1/4 in. carbon steel plate and was approximately 3 ft
x 3 ft x 3 £t., Figure 1 shows a schematic uiagram of the com-
bustioun vessel and a photograph of the combustion chamber. Rein-
forcing bars on the outsiue of the chamber preventcu collapse of
the walls uwuring rewuceu pressure operations. The chamber hela a
vacuuin of 0.1 atwosghere for 4 days. The chlamber vas {itted with
4 view ports for observation and filming of the fires. penirgs
were proviuwea for evacuation, sampling and aujustnent of the
chamber atmospierc, Access to the chauber vas tarocugh a square
1 1/4 {ft aver,

11
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The alkali metal was contained in a 3 in, dia. x 3 in.
ueep conbustion vessel. The vessel was fitted with a lid which
was bolteu in place after the vessel was filled with alkali metal,
Heat was supplieu to the vessel with four 275 watt Chromalox
hcaters positioned in a heating bLlock located outside of the chamber.
Temperatures were m=asureud in the heating block, the alkali metal
and ~1 in. above the alkali metal surface.

After the metal was charged to the combustion vessel,
the vessel was placed in the chamber and connected to the mani-
pulating rcus which permitted removal of the lid after the chamber
hau been sealeu, the atmosphere adjusted and the metal heated to
temperature. After the combustion vessel had becen secured in the
chamber, the access uoor was bolted in place. The chamber atmos-
rhere was adjusteud by either pumping down to the desired absolute
pressure or replacing the atmosphere with the desired oxygen-inert
gas mixtures. Gas samples were transferred to the mass spectro-
meter for atmaospheric composition analyses. The hcaters were
turned on and the combustion vessel was hecated to the uesired
temperature. The 1lid was then removed from the vessel and the
alkali metal ignited. The run was allowed to proceed until the fire
extinguished itself or the melt was completely combusted.

C. RESULTS

Table 3 lists the results on the effects of inert gas
blanketing anu oxygen partial pressures. The weight of the various
metals was varied, depenuing upon which metal was being uscd, so
that the ratio of air to metal was 10 times that required for com-
plete combustion. The alkali metal weights varied from 100g of
sodium to 600g of cesium, Initially, an attempt was made to analyze
the gas rcmaining after combustion, but the quantity of gas con-
sumed was too small to allow reliable analyses. Lach metal was
exposed to air in the chamber at 1 atm (oxygen partial pressure =
0.2 atm) and 0.1 atm (O, pp = 0,02 atm) and to atmospheres con-
taining S0% air-50% Ar %Oz pp = 0.1 atm) and 10% air-90% Ar
(O2 pp = 0.02 atm). After the combustion ceased, the residues
were removed from the chamber and analyzed for residual free metal,

Lithium exposed to normal atmospheric conditions did not
ignite at 540°F., When the metal was heated to 600°F, it did ignite
and gave a maximum flame temperature, as measured 1l in. above the
combustion vessel, of 1420°F. At 0.1 atm and with 50% Ar and 90%
Ar, lithium did not ignite even when heated to 800°F,

Sodium at 500°F ignited immediately when exposed to
normal atmospheric composition, with 78% of the metal consumed in
the fire. The maximum flame temperature was 1100°F., A repeat run
under these conditions showed 82% combustion and a maximum flame

14



TABLE 3- EFFECTS OF INERT GAS BLANKETING AND O, PARTIAL PRESSURES

Run
No,

10
1

13
1

15

10
17

18

0
2}

12

3

Metal Temp, Mctnl Absolute Oxygon Max mum
n Burned Pressure Partial Fiame Temp.
() (atm) {atn} (‘n
Lt 540 76 ! 0.2 1420
il 560 .. 0.1 0.02 .-
L $00 .- 1 (1) 0.1 .
L1 S00 .. 142) 0.1 .-
Li $50 . 1 (32 0.02 .-
Na 500 78 ! 0.2 1100
Na 500 82 1 6.2 1170
Na $00-800 - 0.1 0.02 --
Na 500 473 o0.1(0.8){8) g.02 1180
Na 300 $3 1) 0.1 1030
Na 480 - 1 (M 0.02 -
X $00 19 1 0.2 800
K 500 86 0.1 n.02 700
X $00 ) 1(2) 0.1 750
X $50 10 13 0.02 350
th 500 100 i 0.2 670
Rb $20 96 0.1 0.02 .-
nu su0 100(t) 1(2) 0.1 500
b 180 too(1) 1(3) 0.0 200
s 500 yoo(?) 1 0.2 620
s 525 100(1) 0.1 0.02 300
s Y 100(1) 1 () 0.1 240
(s 480 100€H) 1(3) 0.02 150
(3) No cvidencte of free metal
{2} 50V alr - S50 srgon
(3) 0% olr - 90% argon
(4) No ipnition occurred at 0.5 atm so alr was admiticd

to the chanber with ignition at 0,8 atm,

Renarks

————

No ignition; pot heated to 600°F and
metal lgnited,

No Reaci{ton; surface 20% blsck,
No ignition.
Mo ignition, nmetal stirred.

Smal} wisps of smoke; no reaction,

Samplc Ignited upon removal of 1id.
Sarplc ignited upon removal of 1id,
No fgnition: occaslonel sparking.

Ho ignition; alr admitted to chanber
with ignition at 0.8 atm,

Ho ignition.

Samplec {gnited.

No firc: wisps of smoke; slow oxidstion.

Mctal on slde of vesscl reacting.

Sroke but no {lame.

No firc; stdes of pot and surface of
mcial turned black.

No firc; hcavy sroke resction around
upper cdpe of pot.

No firc but hcavy snoke,

Smoke but no flame,

No firc; white oxide on surface; oxide
turned black,

No firc; small amount of sioke coming
from slde of pot,

No firc Lut 2 small amount of smoke
corfing from sides.

15




temperature of 1170°F. At 0.1 atw sodium uiu not ignite but

uiv emit an occassional spark. Air was slowly admitted to the
chamber and the metal ignited at 0.8 atm with 73% of the metal
consumed, In the 50% air-50% Ar mixture, sodium ignited and 53%

of the metal burneu; the flame temperature was 1030°F, No ignition
occurreu in the 10% air-$0% Ar mixture.

Potassium at 500°F igniteu when exposed to air at normal
atmesphere composition with 79% of the metal consumeu and a maxi-
mum flame temperature of 800°F. At 0.1 atm, the metal did not
ignite but it wia slowly oxidize. The maximum temperature above
the metal was 700°F; 86% of the metal was oxiuized. Potassium
aiua not ignite in the 50% Ar anu 90% Ar atmospheres but again it
slowly oxidized with 49% consumed in the 50% Ar atmosphere and 46%
consumeu in the 90% Ar atmosphere. The temperature above the metal
rose to only 350°F under the latter condition.

Rubiuium at 500°F was completely consumed unuer all of
the atmospheric conuitions, However, the characteristic emission
of light and dense oxide vapcrs normally associateu with lithium,
soaium and potassium fires were not evident with rubidium., Some
smoke was given off, but no oxide was formeu on the surface of the
metal and there was no emission of light. The maximum temperature
measureu above the combustion vessel was 670°F. The resiuue after
combustion was a carkh brown tc black mass and uiu not resemble a
resivue of lithium, socium or pctassium fires. Figure 2 shows a
comparison of residues of the alkali metals.

Cesium behaveu in a manner similar te rubiuium, Little
smoke anru no ewmission of light was observeu curing oxiuation of
the metal. The metal was completely consuikcu and a maximum tempera-
ture of 620°F (under normal atmospheric conuitions) was observed,
With an atmosphere of 10% air-90% Ar, the metal was completely
oxiaizeu but the maximum temperature recorued above the combustion
vessel was 150°F. Acuditional uiscussion of the oxiuation charac-
teristics of rubicvium anu cesium appears in the next section,

VI, EXTINGUISHMENT OF ALKALI METAL FIRES USING
INOKGANIC SALTS AND SALT MIXTURES (PHASE IV)

A,  INTRGDULCTIOw

The objective of this phase of the study was to evaluate
various salts anu salt mixtures as cxtinguishants for alkali wmetal
fires. Tue effectiveness of these salts on potassium, rubidium anu
cesium fires was of particular interest since little data existea
on the extinguishunient of these alkali metal fires., Salts extinguish

16
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fires primarily by smothering the buriing mass and excluding oxygen,
although some cooling may ‘.¢ realized as a result of the heat ab-
sorbed during fusion of the salt., It is essential that these salts
are absolutely dry and essentizlly non-reactive with the alkali

metal., They must floaton the liquid alkali metal or be suspended

on the alkali metal oxiae and must not be susceptible to burn-through.

It was recognizea that a "standard fire'" must be selected
to compare the efficiencies of the various salts., Four combustion
vessels with capacities of 0.1, 1.9, 10 and 100 pounds werec fab-
ricated and a number of preliminary tests werc made to extinguish
a stanuara fire size, Use of rubidium anu cesium for the larger
fires (over 1 1lb) was not economically feasible. It was found that
data generateu with a 10 lb fire could be reliably extrapolated to
larger fires although these extrapolations are more logically based
on fire surface area rather than weight.

Pfi?r to the experimental studies on this phase,
Friearich's'®’/ work on alkali metal fire extinguishment was re-
vieweu, As a result of his work, several high boiling point or-
ganic liquius were evaluated in aduition to the salts, Friedrich's
work is summarized in Appendix III.

B, SELECTION OF SALTS TO BE USED ON ALKALI METAL FIRES

Salts to be used as extinguishants for alkali metal fires
should exhibit certain characteristics. These characteristics
include:

1, Non-reactive with the alkali metal

2, Melting points equal to or greater than
the alkali metal flame temperature

3., Density less than the alkali m:tal density
4, Non-toxic

The ultimate salt would be one with a melting point equivalent to

the flame temperaturc so that the salt in contact with the fire
would fuse and form a "glass'" crust over the metal, 1In this fashion,
oxygen woulae be excluded from the fire.

It is also required that the salt be non-reactive with
the alkali metal. A reactive salt could increase the temperature
of the melt or, if explosively reactive, could spatter the alkali
metal over a large area, One exception to this rule would be if
the reaction proaucts would form a fused coating over the raw metal.

18




A salt with a uensity less than the alkali metal is ue-
sirable since the salt would then {loat on the surface. Since the
density of the_alkali metals range from 0.534 gm/cm3 for lithium
to 1.875 gm/cm3 for cesium, it is difficult to select a salt less
dense tnan the alkali nmetals. Tlortunately, the oxides of lithium,
souium, ~aK anu potassium forn a coating on the metal surface thus
minimizin, this aensity requirement.

The uesirability of non-toxic properties is obvious.,
This is particularly true in manneu craft where cilution of the
toxic vapcrs with large quantities of the arbient atmosphere is
not feasilble,

Table 4 lists a number of salts vhich were consiuered
as potential canuiuates for alkali metal fire extinguishment.
Table 5 lists a number of salt mixtures wvhich werc consiuereu.

C, LESTABLISHMLNT OF STANUALD FIRL

Four circular counbustion pans were fabricateu for this
phase of tne stuuy. Typical configuration of these pans is shown
in Figzure 3. Characteristics of these pans are presenteu in Table
6. The gans were sizeu so that, when filled half way, they con-
taineu 0.1, 1.9, 10 or 100 1bs of metal. The surface to volume
ratio was 0,65 to 0.69/1. By maintaining the same ratio in each
pan, uvata from the various sizeu fires coulu be extrapolated
either on the basis of surface expcseu or wecight of metal burning.

The pans were fabricateu of 304 stainless steel and were
instrunented with thermocouples to inuicate the bull metal tempera-
ture anu the flame tenperature. A typical run proceecveu as follows:

Charge pan with alkali metal

Place lid on pan

Maintain metal unuer inert cover gas

Heat metal to 560°T

Remove lid

Allow fi@g\to reach maximum (lame temperature
Apply extimguishant

After fire was extinguished, rekindle

anu allow to burn to completion

9., Wash resiuue irom pan with water,

Y - Y

[N o N Vo R UARY SO )

-

fiotion pictures were taken of all of the runs which were maue ana
the research filus are being submitteu as part of the contractual
agreements,

Initial efforts on uebugying the equipment anu establishing

a stanuvaru fire were conuucted with souium metal. These results are
presenteu in Table 7, Runs 1-307-1, 2-307-1 and 1-397-3 were made
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TABLE 4 - SINGLE SALTS CONSIDERED FFQR ALKALI

METAL FIRE CXTINGUISHMENT B

Ext*nguishant M. P.(°C) Specific Gravity Reactivity(1) Toxic Propertiesl

A1,03 2050 3.5 - M

Al5(504) 5 770 2.71 - I i

AlBr3 97.5 3.01 + H

ALCl3 190 2.44 + H

B,03 294 1,84 - M I

B4C -107 1.43 - M

BN 3000 Subl. 2,20 - M I

Ba0 1923 5.72 - M ‘

BaCO3 1740 4,43 - M

BaBdr? 847 4,78 + M I

BaClj 925 3.85 ? M :

CaC404 d 2.2 + M l

CaCOy 1339 2,71 - S _

CaFj 1360 3.18 . H

CaBry 765 3.35 + H

GaCl, 772 2.51 - S l

Cs7C03 d610 -- + U

Cs3U d360-400 4.3 s U |

Cs2C204 -- -- + H ~

CsF 684 3,58 - H

CsBr 636 4.44 + H l

CsCl 646 3,97 - U _

CsI 621 4,51 + H

K,C204 d 2.127 + H ‘l

K2C03 891 2.428 - H

K,0 -- 2.56 - H )

Kbr 750 2.75 + H i

KC1 776 1.98 - H *

KI 723 3,13 + H

K2504 588 2.66 - H ‘I

KF 880 2.48 - H :

LipCo04 d 2.121 + H .

LipCO3 618 2,111 - M l

LiBr 547 3.464 + H i

LiCl 613 2.068 - M )

LiF 870 2.601 . H |

MgO 2800 3.58 - M 7

20




TABLE 4 - Coantinued

Extinguishant M. P.(°C) Specific Gravity Rcactivity(l) Toxic Properti
_ Na2C704 ? 2.34 + H
Na2C03 -H;0 850 2.25 - M
tiesl NapS04 884 2,09 - U
— NaF 880-997 2.79 - H
NaBr 755 3.20 + H
NaCl 801 2.16 - N
Nal 651 3.06 + H

NHyF Subl, 1.31
Nli4C1 Subl, 335 1.52
NH4BT Subl, 542 2.42
NHq T Subl, 551 2.51

H
S

H
M

+ o+ o+ o+

Rb 0 400 3.72 - H
Rb3C03 837 -- - H
RbBT 682 3.35 + H
RbC1 715 2.76 - u
RbE 760 2.88 - 3
RbI 642 3.55 + H

510, 1710 2.32 + M
SicC 2600 Subl, 5.21 - S

(1) + indicates probable reaction; - no reaction
Toxicity Rating Code-Acute Inhalation Oniy

N - None
Slight
Moderate
H - High
Unknown

zZWwn
t

ot
1

Oxalates - Corrosive, produces local irritation, dangercus fumes when

heated (3).
Fluorides - Very toxic, acute effects due to HF (3).

i
i
1
i
1
l SrC0j3 1497 3.70 - S
I
I
i
i
i

Bromides - Toxic fumes when strongly heated; can produce depression,
emanciation, psychoses, rashes (3).

A
f OO

Iodides - Toxic fumes of iodine when heated (3).

I “
1 .

Chlorides - vary widely, as NaCl has low toxicity and COCl; is very toxic.
Can combine with l; to give toxic HC1l fumes.

| ' -
“ SN * SN
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TABLE S - SALT MIXTURES

Salt Mixtures (Wt. %) M. P. (°C)
43,87 NaCl -~ 56.13 AlCl3 110
15.45 NaCl - 84.54 CsCl; 490
71,79 NaCl - 28.21 LiCl 552
27,34 NaCl - 72.66 MgCl, 450
50 LiC! - 50 KCI 287-323
33 LiCl - 33 KC1 -~ 33 Cs(Cl 425
50 LiCl - 50 KCi - 5 CsCl 287-323
50 LiCl - 50 KCI1 - 10 CsC1 287-323
57.02 LiCl - 42.98 KCIl 443
2237 LiCl - 77.03 KC1 350
73 LiGl - 27 BaCl; 510
62 LiCl - 38 GaGl, 496
40 LiCl - 60 Li»CO3 506
79.42 LiCl - 20.58 BaCl; 510
20 LiCl - 80 LiF 485
75 LiCl - 25 LiBr 520
12 LiBr - 88 LiF 453
26.77 LiF --73.23 Li;MoOy 620
75 LiF - 25 Li,GO; 604
30.87 LiF - 69.13 KF 492
28.32 LiF - 71.68 NaF 652
5.17 LiF - 94,83 A1F3 720
27.42 LiF - 72.58 KF 492
25.52 Li0 - 74.48 B0, 620
73 NaBr - 57 Na2504 625
22.49 NaBr - 77.51 CsbBr 460
32 Nal - 68 Csl 435
6.5 NaCl- 93.5 CsF 615
40,75 NaF - 59.25 KF 710
47.76 CuSOy4 - 52.24 K2504 460
52.91 GuSOy4 - 47.09 NapSO 500

4
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TABLE 5 - Continued
Salt Mixtures (Wt. %) M. P. (°C) Toxic Properties
21,26 KCl - 78,74 BaCl , 655 M
25,31 (KPO3), - 74.69 K504 718 M
36.85 KCl1 - 63.15 HgCl, 182 H
30 KBr - 70 K504 660 H
45 K3MoO, - 55 MoO3 465 S
25 MoO3 - 75 Nay0 499 H
43 MoO5 ~ 56.37 Na,0O 552 H
62.34 MoO, - 37.66 K0 470 H
70,17 Cs30 - 29.83 MoOj 460 U
75 CdBr, - 25 ZrBr, 364 H
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TABLE 6 - CHARACTERISTICS OF COMBUSTION PANS

Pan Cross Scctional Weight of Volume of Surface to Volume
Dia, Area (in?) Metal Metal (in¥) Ratio (S/V)
(in) (1bs) (1)
1.6 2 0.1 2,9 0.68

S5 19.6 1.0 29 0.68

15.5 189 10 290 0.65

51 1950 100 2940 0.66

(1) Based on Na
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Run No.

1-307-§
2-307-5
1-307-10
3-307-13
0-307-5

7-307-5
7-307-5
0-307-8
5-307-5
3-307-5

4-307-5
9-307-9
2-307-6
5-307-8
3-307-7

7-307-8
8-307-9
3-307-7
3-307-7
4-307-8

4-307-8
3-307-7
3-307-7
3-307-7
4-307-8

7-307-8
7-307-8
8-307-9
9-307-9
4-307-12

2-307-15

2-307-10
3-307-10
2-307-11
6-307-11
7-307-11

£-307-11
1-307-12
2-507-12
1-307-13
3-307-12
2-307-13
1-307-11

5-307-i2
3-307-13

Metsl Tenp, R, I, Hind Vel,
(°F) (1) (ft/min)

Na 500 40 400

Na 500 58 200

hu 500 00 250

Na 500 8 70

Li 500 55 0-30

Li 500 60 e-5

.1 S0 40 0-20

Ls 500 32 170

K 500 2 189

No soe 54 200

Na 500 54 200

Ha 500 58 75

Na S00 40 40-100
Na 500 32 170

Na S00 40 40-100
Na 500 46 350-400
Na s00 30 .-

Na 500 41 100

ka so0 41 100

Na 500 42 170

Na S0n 42 170

Na 500 41 100

Na 500 41 100

Na 503 41 100

Ma 560 42 170

Na 500 46 350-400
M 500 40 350-400
N 500 30 .-

Na soo 58 78

Na 500 28 0-60

Na 590 - 60

Na 500 - 60

»ak 500 - 120

K s00 - 100

L1 500 - 250

na s00 o8 0-40

Li $00 68 0-40

Na $00 54 75

Na 500 43 SN0-600
Aa S0 48 S00-600
Ha 500 48 500-600
N3 $00 40 200

Na 500 32 40-110
Na $00 00 0-70

Na 500 28 0-60

Na 50¢ 40 345

Na S00 a2 0-5

Na 500 58 80

[} 500 3R 280

TABLE 7

- SELECTED DATA ON ALKALI

Weight of Time to Reach Max., Temp. Extinguishant
Mctal Max.Temp. (*F)
(3bs) {Min.)
p oo ——— —
10 37 1370 Met-l-X
10 9 1160 Met-L-X
100 27 1620 Met-l-X
10 10 1000 Met-L-X
1 7 2000+ Met-L-X
1 8 2000+ Met-L-X
1 2000+ ABC (Met-L-X)
0.1 o 620 Met-L-X
10 28 1000 Met-L-X
10 13 1140 Purple K
1 15 1160 Carbon Wool
10 7 12580 Graphite
10 1n 1360 Na3P04
1 4 1130 Na3roy
10 S 1520 NagP 0,
10 10 1290 Ca3(r0y4);
10 12 1320 Ca3(P04) 2
1 8 1140 NaF
1 2 1260 NaCl
1 4 1280 Xr
1 3 1080 XC1
1 5 1180 Lit
1 4 1230 LiCl
1 z 1130 Litr
1 in 1240 KNy
10 17 1520 Al702
10 26 1410 AIC13
10 15 1500 Casog
10 4 1310 B20
10 1200 Litﬁium Fluoride
10 5 1580 TIC Powder
10 S 1380 TIC Powder
10 4 1220 TiC Powder
10 5 1180 TIC Povder
10 8 2000 TIC Powder
10 1020 Isopropy’ Biphenyl § €02
{0 1420 I1sopropyl Biphenyl & CO2
10 12 1020 Mincral oil
10 15 1320 Tetrahydronapthalenc
10 8 1300 90% Tetrahydronapthalene
0% Rromochloromethanc
10 7 1250 00% tsopropyl Riphenyl
10% Bromochloromcthane
10 S 1280 a0y Isopropyl Biphcnyl
20% Rromochloromcthance
1a S 1180 80t Tsopropyl Biphcnyl
20% Bromochloromcthane
1 3 1160 80% l<opropvl Riphenyl
20% Bromochlarorcthane
R 1150 Biphenyl
0.1 800 Bromochioromethane
10 12 250 Sodjum Stcearate
10 5 1000 Sodjur Stearatce
10 12 1600 Sodium Stcearate
26




METAL FIRE EXTINGUISHA.1S

. 4 I3 -
r—t s i - | | s m - | L . . = N -!- | s

Quantity of Time to Mcthou of (omment e
txtingulshant Latinguish Appelication
(min,)
B —_——
11 1.2% Iatinguisher Tire extinguisbed, burnz through in 2 min,
4 0.8 Shovel fire extinguished, buras through iy 2 nin.
8ot 3.5 I xtanguisher 307 extinguisher insufficient, 1S0% unit extinpuished fire.
2H ) Shovel Iatinguished quiclly, no hurn through.
181 .e- Shovel Fxtingutshant tends to sink.,
kY 1 Shovel Sccondary sodium flames.
21 .es Shovel Violent reaction,
- .- Shovel Iaxtingui<hant sinks, but rpetal cools,
184 1.7% txtinguisher Fxtingui<hes,
5 .- Shovel Sorc reaction, dode not ceatinguish.
.- Shovel (arlon wool eunhances corbustion,
[ 1.25 Shovel Covers well, but fivre burns through in 2-3 minutes,
ol .25 Shovel fxtinguishes but later reagnites.
2 0.5 Iatinguisher fire put out gquickly, but burns through after S minutes.
ol LR shovei Reaction,
- .- Shovel Reacts,
- .o Shovel flues not extinguich,
- ... Shovel llocs not cxtinguish,
- ~es Shovel Ixtinguishes, relgnites
. ... Shovel Some reaction, vocs not extinguish,
- .= Shovel Ixtingaishes, but fire burns through in a few scconds,
- .-- Shovel I'xtinguishes but fire burns through.
- .- Shovel Lxtinguishes but firc burns through,
. ... Shovel fnitial flarc up, docs not cxtinguish,
- .o Shovel Reacts with burning netal.
- .- Shovel Does not cxtinguish.
- ... Shovel Reacts.,
- .-- Shovel teacts.
- .- Shovel Rcacts,
34 i Shovel Ixtinguished very quickly, no burn through.
2 0.5 Shovel Ixtinguished; no burn through
.54 1.0 I.xtinguisher Iatinguished,
2.5¢ 0.5 Shovel Ixtinguished,
3.0 1.0 Shovel Ixtinguiched afrer oxide coating formed.
- ... Shove! hid rot catinjulsh.
- LR Tubiny, Ixtinguished Yo fire; sccondary firc extinguished with €0y,
- .- Tubing 9id not extinguish.
12 1iters .ee Tubing, birey temp,, but does not extinguish.
1 liter ... Jubing I'ocs not extinguish,
1 liter v Tubing flees not extinguish,
1 liter LR Tubing hocs not extinguish,
1 liter .- Tubang Put out firec but sodium came to surfacc and reignited.
2 liters .. TJubing Put out firc hut sodjum came to surface and reignited,
1 liter 3 Tubling Surface was flooded, fire cxtinguished,
2.2 .ee Shovel tapidly consuncd, no effect on fire, small termperature drop.
0.5 liter .o Tubing Reacts.,
2 9 Shovel Ixtinpuished [ire; <ccondarv flash fire.
3 S Shovel Ixtinguished but with flash sccondary fire which dicd qulckly.
0f .- Shovel bid not extinguich, molten Li cane through crust,
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with 0.1 1b charges of sodium in a 1.6 in, auia pan., The oxide
which formeu as a result of combustion rapiuly formeu a crust over
the surface of the metal and the fire was self-extinguishing., The
maximum flame temperatures were 780 to 950°F; when the surface
crust was broken ana the metal agitateu, a flame temperature of
1480°F was attaineu.

Runs 2-307-2, 3-307-2 anu 2-307-5 were maue with 1 1b
charges of souium in a 5§ in. uia pan. Although these fires were
nict self-extinguishing, the flame temperatures rose to only 1200-
1420°F; it was predicteu that the flaue temperature shoulu go as
high as the boiling point of souium (1600°F).

Runs 1-307-2 anu 4-307-2 were made with 10 1b charges of
sodium in a 15.5 in. dia pan. The flame temperatures were 1710°F
and 1550°F, respectively. Therc were no signs of self-extinguish-
ment with the 10 1b fires.

Run  1-307-10 was mauae with a 100 1lb charge of sodium in
a 51 in, uia pan. The flame temperature was 1620°F ana time to
reach the maximum temperature was 27 min; the 19 1lb fires reached
the maximum temperature in 6-14 min,

The criteria selected to determine whehter results with
a certain size fire coulu be extrapolatea to larger fires were:

1. That the fire woulu not be self-extinguishing.
2., That the flame temperatures woulu be similar.

On the basis of these results, it was felt that results from a

0.1 1b fire coulu not be extrapolateu to larger fires since the
fire coulu be self-extinguishing and the flame temperature could be
600-800°F lower than a Jarge fire. The 1 1lb fires were not self-
extinguishing, but the flame temperatures were 300-400°F lower

than the larger fires. Flame temperatures were the same for 10 and
100 1b fires, and there was no evidence of self extinguishment,
Thus a 10 1b fire was selected as the standard fire size. Some of
the later screening studies were made on 1 1lb fires, but the primary
objective of these fires was to establish whether there was a re-
action between the extinguishant and the burning alkali metal,

D, CHARACTERISTICS OF OTHLR ALKALI METAL FIRES

1. NaK Fires - A 1 1lb NaK fire was ignited¢ and the flame
temperature reached 1040°F in 13 min. The crust formed on the NaX
surface was similar to that formeu on sodium fires, although
initially there is a tendency for the resultanc oxiue to go into
solution in the molten metal. A large scals five (100 lb Nak)
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resulted in a naximum {lame temperature of ~1450°T, "n the basis
of past experience, souium and NaK fire characteristics are
;ssentially 1uentical except that NaK is liquiu at roon temjperature.
Therefore freezing uwoes not scrve to quell lealage of NaK from a
systei or inhibit the flow of metal acroess the surface onto vhich
~aK has lealkeu,

2, Totassium lires (K) - A 1 1Ib potassium fire was
ighiteu at 500°F and the flame terperature reacheu a nuaximum of
1240°l in 11 min, Irnitially, no massive oxiue f{ilm was formeu on
the surface, although there was visual eviuence of oxaide bLeing
formeu anu then going into solution in the potassiuw melt. The
solubility of K70 in potassium has been measureu as 0,5¢ at 527°F,
A surface oxiue aiu form after o~ 10 win of oxiuation; this probably
was a result of the melt being saturateu with K,0., Lack of oxide
crust formation on the surface causeu some concern with respect to
fire extinguishment since the oxiue crusts in sodium, lithium ana
NaK f{ires serveu to support the extinguishing salts,

3. Lithiur Fires (Li) - A 1 1b lithium fire was igniteu

n at 500°l anu the flame temperature reacheu 1780°F in 6 min, The
light emitteu frow a lithium fire is brighter than any of the other
alkali metal fires anu can best be uescribeu as a brilliant white,
The oxiue which was formed migratcdu up the inner wall of the vessel
and down the outsiue wall briuging the space between the pan and
the grounu, a distance of ~12 in. Irce metal was drawn intc the
oxiue by a wicking action and the oxide bridge ultimately acted
as a siphon and drained metal from the pan, The oxides formed
auring soaium and NaK fires also wick up free metzal anu have a
tendency to climb over the side of the containment vessel. Sub-
sequent lithium fires demonstrated that the oxiue will invariably
migrate over the walls of the vessel. Lithium was the most corrosive
of the alkali metals and the tops of the combustion pans where the
oxiue concentraticns were the highest were generally corroded

e through the wall thickness (1/4 in.) in one fire.

4, Rubiagium Fires (Rb) - A 0.1 1b rubiuium fire was
igniteu at SO0 F anu reacheu 2 maximum temperature, above the melt,
of 600°F in § min. The characteristics of this fire were completely

nd

t contrary to all preuicticns maue for rubiuium fires., When the lid

iry was removeu from the 500°F melt, a reaction at the alkali metal-air
interface was eviuent., Hewever, the melt retaineu a mirror surface
ne there was no evidence of oxide crust formation or flame., Small

wisps of smohe were emitteu but these originateu at the walls of

the vessel where oxiuc particles were formed occasionally. The

temperature of the wmelt rose to a maximum of 800°T anu then slowly
e receueu to amblent temperature. The resultant combustion products
( were a hara, soliu blach mass.
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S. Cesium Fires (Cs) - Three cesium fires were ignited
at 500°F - two 0.1 Ib and one I 1lb fire. The vessels were heated
to S00°F and the lids removed and, as with rubidium, the fires be-
haveu differently from what was predictea. No visille flames
were present anu the maximum temperature was 880°l, Cesium
pipetted from the vessel with a stainless steel tube and dropped
through the air into the vessel ignited uuring uescent but did
not cause ignition in the vessel. To assure that a sufficient
supply of oxygen was available, a stream cf oxygen from an oxy-
acetyleune torch was uirecteu onto the surface of the metal., Al-
though tnere were no visible f{lames, the temperature of the melt
rosc to 1500°F at the surface. Comparison of the scdium and cesium
fires inuicates that the oxiue fecrmation on the surface aids in
combustion. The oxiue apparently acts as a wich, drawing the
alkali metal to the surface and cxposing a larger surface area and
at the same time presenting a small heat sink compareud to the bulk
of the metal. The solubility of oxygen in cesium at the nmelting
point is ~3 wt % oxygen anu at 1000°F it is reported that cesium
anu Cs,0 are miscible in all proportions., A review of the soiu-
bility of the oxide in the parent metal suggest burning charac-
teristics of the metals arc a function of oxiue solubility:

Free Lnergy of lormation
of Oxiue at 1500°F

Metal (Kcal/gram-atom Q7) Solubility of Oxiue(wt%)
Li -109 0.05 at 700°F

na - 63 0.04 at 700°F

Nak  ene-- 0.02 at 700°F

K - 52 0.25 at 400°F

Rb - 42 Unknown, probably high
Cs - 32 3 at 80°F

If the wicking action of the oxide is an inportant
mechanism in alkali metual combusticn, thesc values suggest that
lithium, souiun and NaK shoulu burn easily, potassium less casily
and rubidium ana cesium with great oifficulty. Results indicate
such to be the case.

vuring oxiuation the surface of the cesium metal retainea

a mirror finish anu the color of the melt progresseu f{rom golu,
to orange to brown to black, The resiuue from the cesium fires
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was a black solid melting at 700°F with an apparent density of
4.67 gm/cc. The melt contained corrosion products from the con-
tainer wall. The residue reacted with water, releasing oxygen;
quantitative measurements of the off-gases indicate the residue
was primarily Csp04. A Kjehdahl analysis indicated no nitroegen
in the sample,

Cesium metal was spilled across a metal surface and
there was instantaneous ignition with emission of light and smoke.
However, the combustion reaction was not self-sustaining although
the exposeu metal continueu to oxiuize. A similar spill was
covered immeuiately with Ansul Met-L-X and further reaction was
inhibited.

E. RESULTS OF EXTINGCUISHMENT TESTS

Table 7 lists selected runs which were made with various
alkali metal fire extinguishing agents, Figure 4 shows a typical
procedure for these extinguishment studies. 1In all cases, the
metal was preheated to 500°F, the lid was removed and the metal
allowed to ignite spontaneously, Salts were added either from an
extinguisher or with a shovel., Liquids were applied through tubing
from pressurized containers. The time to extinguish is defined as
that time required to completely cover the fire and eliminate all
signs of flames.

The first tests were made with sodium using Ansul's
Met-L-X both with an extinguisher and with a shovel. A 10 lb sodium
fire was extinguished in 1,25 min with 7 1b of pet-L-X from an ex-
tinguisher. A similar fire was extinguished in 0.8 min with 4 1b
of Met-L-X applieu with a shovel. 1In both cases, the fire burned
through the crust in about 2 min, but this was easily extinguishea
by adaitional application of the salt. let-L-X was also applied
to a 100 lb sodium fire; the fire was extinguished in 3.5 min
with 80 1lb of extinguishant. The weight and surface area were both
a factor of 10 greater with the 100 1b fire compared to the 10 1b
fire. Seven pounds of Met-L-X from a pressurizeu extinguisher were
required to extinguish a 16 1lb scaium fire anu 80 lb were required
to extinguish a 100 1b fire. The time required for extinguishment
was 1,25 min for the 10 1b fire and 3.5 min for the 100 1b fire.
Application with a shovel requires a smaller amount of extinguishant,
2-4 ib for a 10 1b fire.

Met-L-X was applieua to a lithium f{ire with a shovel. The
extinguishant tends to sink in lithium but the fire was extinguisheu,
A secondary sodium fire ensues because of the reduction of NaCl
with lithium., However, this fire is controlled with additional
application cf extinguishant. The first fire (6-307-5) was difficult
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FIG 4a - HREATING MNa 10 500°F FIG 4b - IGNITION CF XNa

FIG 4c - BEGINNING OF LXTINGUISHMENT FIG 4d - COMPLETION OF EXTINGUISHMENT

FIG 4 - EXTINGUISHMENT OF A 10 LB Na FIRE WITH ANSUL MET-L-X
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to extinguish lLecause the oxiuc hau migratecu over the edge of the
fire pan and this site serveu as a locus of reignition; 13 1b of
extinguishant were required. The sccona fire was contained within
the pan ana only 3 1L of extinguishant were requirea.

A ury chemical marhetea by Ansul Co., ABC Powuer, for
use on Class A, B and C fires reacteu explosively with lithium
anua Soulul, Subsequent appiication of liet-L-X extinguisheu the
fire.

ddet-L-X was applieu to a 0.1 1lb charge of cesium which
hau been heateu to 509°T and exposed to the atmosphere. The ex-
tinguishant sankh to the bottow or the fire pan since there was no
oxiue formed to support it. A small quantity of the hot cesium
was poureu onto a metal surface, WKhen uispersed over this large
surface area, the cesium uid ignite. liet-L-X was applied and the
fire was extinguisheu. Graphite was applied to a similar fire but
uiu not extinyuish the fire,

A 10 1b charge of potassium was heated to 500°F and ex-
poseu to the atmosghere, Uhen the temperature reached a maximum
of 1000°F, Met-L-X was appliec although no oxice had formed on the
surface., The extinguishant sank to tﬁe bottom of the pan. After
15 minutes, an oxiue crust begarn to form on top of the potassiunm,
Met-L-X was again aaueu anu the fire was extinguished but 18 1b
of extinguishant was requireu. Graphite was auueu to a potassium
fire unuer similar conditions and diu not extinguish the fire. It
appeareu that there was some reaction between the potassium ana
graphite,

Furple K, a traue name for a KliCOz-based powuered ex-
tinguishant, which has been useuv on natural gas and combustille
organic fires with success was applieu to a souium fire, There
was a reaction between the souiunm and KiiCOz and the fire was not
extinguisheu,

Since graphite has becn useu to extinguish sodium fires,
it was deciueu that carbon wool woula be applieu to a sodium fire.
Powuereu praphite extinguishec a sodium fire, but burneu through
in ~2 win., Auuitional praphite was adueu and the fire was ex-
tinguisheu. Carbon wool is made Ly carbonizing natural organic
fibers anu is essentialiy 100% carbon. The attractive feature
of an extinguishant such as this is that it coulu be applied in
layers on the fire surfacc or on insulation when a fire is located
on the plumbing of a system, However, carbon wool was in-
effective in extinguishing a souium fire anu in fact enhanceu com-
bustion since it acteu as a wick and exposcu a greater surface
area of metal.




A number of inorganic salts were considered as potential
alakli fire extinguishants. These were 3creened on 1 1b and 10 1b
sodium fires and included NazPO4, Na,yP,04, Caz(PO4),, NaF, NaCl,
KF, KCl, LiF, LiC}l, LiBr, KBr, Alzﬂ3, Alél3, éa804, B,03 and TEC
Powder., TEC Powuer, a ternary eutectic compound, has been de-
veloped in England for extinguishment of zirconium, uranium and
other reactive metal fires., The saits which showed the most pro-
mise were NazPO4, NaCl, LiF, LiCl, KCl and TEC Powder. Of these
most promising salts, NaCl, NazPO4 and LiCl exhibited the greatest
resistance to burn through. LiCl seemed to cover the fire and it
extinguished it more rapidly than did NaCl or NazPO4. However, the
difference was not sufficiently great to justify the cost of LiCl
versus NaCl.

When NagP207 was applied to the fire, an explosive re-
action occurred., This was due to the oxygen available in the
sodium pyrophosphate molecule. Potassium bromide reacizd with
the burning sodium probably by the reduction cof KBr anu formation
of NaBr, Lithium bromide did not have any reaction with sodium,
but it did not extinguish the fire. The Ca3z(PO4), exhibited slight
reaction with tne burning sodium and did not ext1ngu1sh the fire.
Aluminum oxide Jid not extinguish the sodium fire and AlCl3z re-
acted explosively.

TEC Powuer was used on a sodium fire, With a 10 lb sodium
fire, 2 1b of the powder applied with a shovel extinguished the
fire in 0.5 min and there was no burn through., With an extinguisher,
a similar fire was extinguished in ! min with 2.5 1lb of the powder,
The powder also is capable of extinguishing NaK fires, with 2.5 1b
applied by shovel extinguishing the fire in 0.5 min; there was no
burn through. When applied to a freshly ignited potassium fire
with no oxide oa the surface, the powder sank to the bottom of the
fire pan and did not extinguish the fire. After ~12 min, an
oxide crust formed on the surface of the potassium fire; TEC Powder
applied to this crust extinguished the fire, The powder was in-
effective on lithium fires due to the excessively high temperature
(2000+°F) which caused this powder to melt. The powder was also
effective on 10¢ 1b and 500 lb sodium fires; this will be dis-
cussed in a later section.

In light of Friedrick's work(4) with organic liquids on
100 gram alkali metal fires, it was decided that some of these
fluids should be evaluated on larger fires. The procedure was to
pressurize the vessel containing the liquid and to deliver the
liquid to the fire surface through a 5/16" copper tube. Iso-
propyl biphenyl was used on a sodium fire which had reached a
temperature of 1620°F. A layer of liquid ~3 in. deep was applied
to the burning surface. A secondary isopropyl biphenyl fire
ensued but this was extinguished with CO,. A second sodium fire
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reachea 1420°F before the isopropyl biphenyl was applied. 1In this
case, the fire was e¢xtinguisheo wpomentarily, but reignitead., Appli-
cation of €03 to the burnin, liquiu wiu not prevent reignition of
the alkali netal fires.

Mineral oil was apiliea to a 1020°T souium fire. A
total of 12 liters was auueu to the fire, bLut the fire was not ex-
tinguisheu,

Tetrahyuronahthalene was applied to 1320°T sodium fire.
A seconuary fire ensueu and the alkali metal fire was not extin-
guisheu, Aduition of 10% bLromcchlorcmethane was not effective in
extinguishing the secondury tetrahyuronayhthalcrne fire and the
alkali metal fire continueu to burn,

A mixture of 90% iscpropvl biphenyl anu 10¢ bLroriochloro-
wethane was applicu to a 1250°F souium fire. The alkali metal
fire was not extinguishcu anu the secornuvary fire continueu to burn
unitil all of the isopropvl biphenvl was consumeu. A mixture of
80% isopropyl Liphenyl anu 20% Lrornochlorcmethane momentarily ex-
tinguisheu an 1180°F souium fire, but it reigniteu. The same
composition usecu on an 1160°T soaium fire successfully extinguisheu
the burning nass. Pure bromochliorcmethane reacteu viclently with
an 800°F souium fire.

Biphenyl was auueu to 1150°F soaium fire but was in-
effective anu rapiuly consumeu. Souium stearate extinguishea a
950°F s~aium anu a 1000°F soaium fire. Biphenyl was ineffective
on a 1.J0°F souium fire anu was rapidly anu completely consumed
when applied to a J600°F lithium fire.

A number of fluoroalkyl esters have been formulated for
the Air Force recently.(5) These are being considereu as possible
extinguisihants for exotic propellant and/or metal, particularly
magnesium fires, Three of these esters were evaluated on 10 lb
soaium fires. The aacuition of 3 oz of fluoroalkyl sulfite ester
to sodium reacted violently and blew all of the sodium from the
pan. A similar reaction occurred when the fluoroalkyl phosphate
ester was added to burning sodium., The fluoroalkyl borate ester
did not react with the alkali metal, but the characteristic green
flame of boron was observed in the secondary fire. A total of
3-3/4 1b was added but the alkali metal fire was not not extinguished.

In fact, the addition of this material caused a temperature rise in
the bulk alkali metal,
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F. SUMMARY

The results from this phase of study inaicateua some
promising extinguishants for alkali metal fires, Met-L-X
efficiently extinguishes sodium, potassium and NaK deep pool
fires. If Met-L-X is applied to a deep pool potassium fire be-
fore the oxiues of potassium have formeu on the surface, the ex-
tinguishant sinks to the bottom and is not effective, After the
crust has formeu, the extinguishant can be applied and it will
extinguish the potassium fire. The weight ratio of extinguishant/
alkali metal is 0.4/1 for shovel application ana 0.72/1 by ex-
tinguishex application, With a 100 1b sodium fire, 80 1b of
Met-L-X was required to extinguish the fire at a ratio of 0.8/1
or the same as with the 10 1b fire. The ratio for potassium ex-
tinguishant was 1,8/1.,

Typical extinguishing times for quiescent burning pools
of soudium were 1-2 min. In an actual alkali metal fire, the ex-
tinguishing time coulu be significantly longer since bLurning alkali
metal may be uaripping from a leak in the system or the metal may
not be completely contained within the drip pan. In such cases,
it is impossible to predict extinguishing times,

beep pools of rubicvium anua cesium uo not ignite, hence
extinguishment is not requireu. When extinguishant is addeu to
thesc oxiulzing pools, it sinks to the bottom. Oxiuation of deep
pools of thesc metals are best controlleu by smothering using a
liu over the vessel where the metal is contained. When rubidium
anu cesium are spreau over a large surface area, thesc metals do
ignite anu burn. This type of fire can te quelled by the addition
of Met-L-X. Met-L-X was ineffective in controlling lithium fires.
The NaCl was reduceu and a socium fire ensueu, Graphite provea
to be the best extinguishant for lithium fires.

Met-L-X has a tendency to burn through, however, re-
ignition can be controlleu by application of auuitional extin-
guishant, Burn through is preceedea by a awarhkening of the salt
surface, hence additionai application can be maue before actual
burn through occurs. TEC Powuer was less susceptible to burn
throu;h.

TEC Powuer proveu effective ¢n scuiuis, potassium and
NaK puol fires as well as thin burning films of rubidium and cesium,
The amount of TLC Powder requireu to eatinguish these fires was
slightly less than the amount of llet-L-X requireu with the ratio
of extinpuishant to sodium metal being 0.25/1.

Of the many salts that were evaluated, LiF seemed to
be che most promising. The quantity required for extinguishment
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of 10 1b fires was approximately the sarme as Met-L-X or TIC

Powaer, LiF was resistant to burn through. One aspect which re-
maineu to be evaluateu was the reliability of the wata with re-
spect to larger fires. This stuuy 1s describeu in a later section.

Oryanic liquius sihoweu some proumise in extinguishing
alkali metal fires but a seconuvary fire always ensucu. Addition
of bromochloromethane to the extinguishant reuuceu the possibility
of a seconuary fire, although it was not climinated in all cases.
It appears impractical te use an organic liquiu on alkali metal
fires since the seconuary fire which may occur can bLe more severe
than the alkali metal fire.

VII, INORCANIC SALT FOANS

A, INTROULCTIUN

The objective cf this phase of study was to evaluate the
use of inorganic salt fcams as extinguishants for alkali metal
fires. The auvantages of a salt foam over a salt blanket are
that less salt woulu be requireu for extinguishment and the foam
woulu be self-sugporting and therefore less susceptible to sinking
in the alkalil metal pcol. A nunber of foam manufacturers were
contacteu for inforrnation on the generation of inorganic foams
but these firums were fuamiliar only with water baseu foams, Thesc
are stabilizeu with hyurolyzeu protein but woulu not be suitable
for use on alkali netal fires becausc of tle viclent reaction
vith water,

AS alL alternative to inorganic salt fcams, it was ue-
ciueu that a poelyurcthance foam woulu be evaluateu. It was re-
cognizeu that these foams are susceptible to combustion, but
aaditives are avaiiable which impart some fire retaruant charac-
teristics to the foam, Furthermnore, since the feam is a goou
thermal insulatcr, it is possible for degravation to occur at the
foam-alkali metal interface, with the formation of a charreu car-
bon layer at the intertace,

B, LEXPLRIMENTAL RESULTS

Initial tests were perfornec by preforming a solid mass
of foam anag placing the mass on the surface of a sodium firc. The
foam uiu uegrauc at the interfacc but the fire was extinguished.,
However, the foan was sonrewhat susceptible to burn through., Trom
a practical stanupoint, it woulu be necessary to aj; ly the foam
in its semi-liqGuia form to the burning fire,
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Some efforts were made at developing a suitable foam
generating and applicating system, The system consisted of 2
containers (one for activator and one for resin), a solvent con-

tainer, connecting plumbing and

a mixing and applicating nozzle.

Two major probiems were encountered with this system, First, it
was ¢ifficult to meter precisely the required quantities of the
reactants and secondly, the nozzle did not provide complete
mixing of the reactants. A number of modifications were made on
the nozzle incluuing injection of the reactants tangentially with
the activator and resin inlets 180° apart, installation of a
convoluteu strip of metal in the nozzle and variation of nozzle
size and seometry., It was concludeua that design and fabrication
of a suitable applicating system would be expensive and was not

a part of the contract. Therefore, a commercially available

foam system was purchased.®* This unit was equipped with positive
aisplacement proportioning pumps. The applicating nozzle was
equippeu with an air driven mixing motor which thoroughly mixed

the reactants.

Initial tests with this system on sodium fires were
promising. The foam was applieu to 19 1lb sodium fires and low

temperature fires were selected

for the initial tests., A sodium

fire at 700°F was extinguishcu in 2 min with an application of
1l cu ft of foam, Burn through occurred at the edge of the pan in
r2 min but this was quickly extinguished with acditional appli-

cation of foam,

At 1000°F surface temperature, the fire was more diffi-

cult to extinguish but the fire

was finally brought under control

in ~4 min. Burn through occurred in ~ 30 sec, but addition of
fresh foam to these areas resulted in complete extingaishment of
the fire. Potassium and NaK fires were also extinguished at 1000°F
with essentially the same characteristics as the sodium fires.
Rubiagium and cesium in quiescent burning pools were also extin-

guisheua with the foam,

Lithium fires at 1000°i could not be extinguished with
the foam and above 1000°F sodium, potassium and NaK fires could
not be extinguished. Above 1000°F, the foam spray was degraded be-
fore it contacted the burning alkali metal surface. It appears
that the polyurethane feoam woulu be useful if application could be

maue before the maximum surface

Foam was also sprayea
apparatus consisted of 10 1b of
fittea with plumbing containing
plumbing was covered with 3 in,
be usecu on an operating systerm,
heateu to 700°F, pressurizea to

*MSA Regiseal
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temperature of the fire is approached.

on a simulated pipe leak. The
sodium in a stainless steel vessel

a .eaking 1 in, flange. The

thick molded insulation as would

The pot and plumbing were pre-

10 psig ana the valve to the leaking




flange was opened., Sodium leaked through the flange and out
througyh the joints in the insulation at a preselected leal rate

of ~1 lb/hr, Foam was sprayed over the burning insulation ana
the pressure on the simulated system was released. There was
initial burn through in ~2 min, but this was extinguished with
additional foam, The foam is more easily applied to fires on
insulation than is salt because of the inherent adhesive nature

of the foam. However, if the surface temperature of the insulation
is above ~400°F, the foam has a tendency to melt and drip off the
insulation, In most alkali metal systems, the foam could be useau
on the type of fires uescribed.

Attempts werc made to incorporate inorganic salts in
the foam but this proved impractical because of nozzle plugging,
A liquia fire inhibitor was added to the foam that reuuceu the
ueyree of combustion of the foam,

VIII. CHARACTERISTICS OF ALKALI METAL JLT STREAM LEAKS
AT VARIOUS PRESSURE CONDITIONS (PHASL VI)

A, INTRODUCTION

The purpose of this phase of the study was to determine
ignition characteristics of alkali metal streams with respect to
oxygen partial pressure and inert gas blanketing. The controlled
atmosphere chamber was usea for this stuay with alkali metal
storage vessels situateu outside of the chamber and entry to the
chamber through 1/4 in., tubing. A catch pan was placeu within
the chamber to receive the alkali metal stream. Difficulties in
capping the tubing until appropriate temperatures were attained
were eliminateu by maintaining a freeze seal at the enu of the
tubing until just prior to expulsion of metal.

With lithium, souium and potassium, the metals were
ejectea through 1/4 in, tubing. Tine wires were placed over the
end of the nozzle to break the 1/4 in, stream into four smaller
streams, Rubidium and cesium were ejecteu through 1/8 irn., tubing
to conserve on the quantity of metal useu, Lfforts to measure
changes in atmospheric composition were unsuccessful vue to the
large ratio of atmospheric volume to metal volunme,

B, KESULTS OF TLSTS

The results of the runs which were made are summarized
in Table 8, Lithiun was the first metal evalu.teu and was ejected
into the chawmber at 700°F through a 1/4 in., nozzle. Tnere was
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no ipynitien of the sctrear and the netal wiu net i_nite in the
catch pan. A agark ,rey to black coating forned on the strean
wuring ejection, A\ re-run unusr tuese cenuiticns preuucea the
sale results so the supply vesscel was neateu te 1250°7, A ain
therec was no ignition in cither the strear cr catch pan. lhle
supply tank was wisconnecteu freu the chauber anu transporteu to
a builuing wnere larger quantities ¢f lithaun ceculu le ejecteu
inte the atmosphere, About 10 1b of lithiun at 1000°r were
gjecteu into a pan under norwal atmospheric conuiticens. The sur-
face of the strean turneu black wuring the run bul theie was no
ignition of the stream. The wetal in the catch pan uiu not
inheuiately ignite but after stanuin, for a feuw ninutes burning
nouwules began to a;pear cun the lithiuw surface.

The results inuicate that a strean cof lithiur is not
likely to ignite. This is prolably uue to a protective coating
of oxiues anu nitriaes which forms ou the surface ujoun exposure
to the atmospghere. However, when the strear hits a surface and
is spreau 1nto a thin laver, ignition nuy cccur. One of the
factors wnich may promote ignition unuer thesc conuitions is
absorbeu water vapor on the naterial on which the lithium is ir-
yil.cih6 .

Souiun at 780°1 was cjected into the charler through a
174 in. nozzie. Lnaer norral atwmosgheric concitions, both the
stredn anu the wmetal 1n the catch pan igniteos, Tne file in the
catch pan was a sustaincu fire anu ruch f the r.etal was con-
suleu., at 0.1 atmospherce, there was no igniticn in the strear or
catch pan. This was alsc true i1 a 10° air-¢0¢% argon. In an
atmospnere of 50% air-50¢ argen, there vas no igniticn cf the
stream but there was ignition anu 2 sustaineu fire in the catch

pan,

Potassiam at 700°7 was cjecteu into the charber through
a 1/4 in. nozzle. VULiuer norrai atmosgleric cenuitions, the metal
igniteu both in the stream une in the pan, At 0.1 atmosphere,
tiic stream wia not ignite but the wetal in the ,an oiu ignite,
No ignition of the stream occurrcu in a 509 air-50% argon or 10%
air-90% argon.

Rubioiur at 640°F was cjecteu into the chamber through
a /8 in. nozzle. Tne netal igniteu botl. in the streanm and in the
pdh unuer norial atmos,heric conuations., At 0.1 atnesyheres, the
stream uild not ignite but there vas a srall fire in the catch pang
the fire in the catch jpan was self-extinguishing. Tlere was no
ignition with 50% air-50% arjon or 109 ar:- 0° arycn.

Cesium at 620°F was cjecteu into tie charber throuyh a
1/8 in, nozzle., The striecarn: of netal igniteu unuer normai at-
mosgheric conaitions, but there vas no sustainew {ire i1 the carch
pai.  The resiuue in the catch pan was a carlh licuiu characteristic
of tie resicue froun cesiur exposce to air. There vas ne ignition
of tne strean or catch ,an resilauc at C.1 aties, here, 507 2ir-50%
aryol or 10% air-90% argoun,
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IX. LATINGULISHMENT OF LARGE SCALL FIRES (PHASL \I1)

A, INTRODULCTION

The purpose of this phase of the study was to determine
the reliability of the data generated with 10 1b fires and to
uemonstrate the feasibility of extinguishing large alkali metal
fires. Souium, potassium anu NaK {ires of 100 1lb and 500 1b were
extingzuisheu with MMet-L-X, TLC Powuer, LiF and j.olyurcthane foam.
The materials represent the most promising extinguishants evaluated
in Phase IV, All fires, except that on which polyurethane foam
was uscu, were alloweu to reach maximum temperature before the ex-
tinguishant was applieu., The temperature of the {ire on which
polyurethane foawm was useu was to increase from 500°F, the tempera-
ture before the liu was removed, to 800°F before the foam was
appliea. The time requireu for this temperature rise was ~8 min,
Approximately 30 min were required for fires to reach their maxi-
mun temperature,

B, TEST RESULLTS

The results of the ten runs which were maude are listea in
Table 9, In the small scale fires, it was shown that the weight
ratio of extinguishant to souium metal was 0.72/1., This same
ratio was founa with the 100 ib souium fire, With 500 lb souium
fires tne ratio changed to 0.43/1 inuicating that, on a unit weight
basis, less extinguishant was requireu. Extinguishing times for
the 100 1b anu 500 1b fires (3-4 nin) were longer than with the 10
1b fires (1-2 win) but diu not increase in proportion to the weight
of the burning metal, This was uwue te the more rvapiu application
with the larger extinguishers (350 1lb) compareu with the smaller
extinguishers (30 1b).

The ratio of TEC Powuer/socuium metal was 0,4/1 on a 100
1b souium fire anae 0.2/1 on a 500 1b fire. Not only was less TEC
Povuer requireu than Met-L-X, but the extinguishing time was shorter.
Both TEC Powuer and Met-L-X exhibiteu some tendency for burn through,
but these were quichly brought under centrol by application of
auuitional extinguishant,

Lithium fluoriue was the least effective of the salts
used on large souium fires. The ratio of LiF/souium metal was
1.8/1. 0On the basis of these comparisons, LiF cannot be considereu
as an effective extinguishant,

Met-L-X anu TEC Powder vwere applieu to 500 1b NaK fires
anu gave ratios of 0.,5/1 anu 0,26/1, respectively. As was the case
with the smaller fires, more extinguishant was requircu for Nak
than for sodium fires and ¢xtinguishing times were slightly longer,
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The ratio of Met~L-X and TEC Powder for 500 lb potassium
fires was 0.59/1 and 0.43/1, respectively., It was necessary to
allow the potassium fires to burn until an oxide crust formed on
the surface. The crust then served as a support for the extin-
guishant.

Polyurethane foam was applied to a 100 1lb sodium fire
with temperature at 800°F. The fire was extinguished in 8 min.
Frequent burn through and reignition occurred but this was con-
trolled by application of additional foam,

The results indicate that large alkali metal fires can
be extinguished with the application of salts., The ratio of salt
to metal varies from 0.72/1 to 0.2/1 depending upon the size of
the fire and the type of salt which is used, 1In practice, it is
probably advisable to maintain an inventory of salt equivalent to
the weight of metal contained within a system, Hopefully, emerge i
measures such as valving off a leaking reaction, reducing system
pressure and the like, can be initiated to minimize loss of metal
from the system. However, if a catastrophic rupture of the main
system piping occurs, all of the metal could be ejected from the
system before these emergency procedures coulu be instituted.

It woulu be desirable if optimum application rates could
be establisheu for these salts, However, it is essentially im-
possible to define an optimum rate; in spite of the amount of re-
search which has been performeu on non-alkali metal fires, the rate
of application of water to a woou fire or halogenated .aydrocarbons
to flammable liquid fires has not been quantitized, Alkali metal
fires which are generally more compiex in nature than either wood
or flammable liquiu fires are more sensitive to the mocde or tech-
nique of application. In general, the extinguishant should be
applied to an alkali metal fire as rapiuly as possible without
disturbance of the salt crust.

X. CONCLUSIONS

A number of salts, organic liquids and an inorganic
foam were evaluated as alkali metal fire extinguishants., TEC
Powuer, a ternary eutectic cumpound, was the most effective salt
for scuium, potassium and NaK but economic consideration may
gictate the Lontlnueu use of Met-L-X which is also qulte effective
in extinguishing socdium, potassium and NaK fires. The cxtinguishant-
alkali metal ratio ranged from 0.72/1 to 0.20/1 depending upon the
salt which is useu and the size of the fire. Lxtinguishing times
of soujum fires as large as 500 lb were of the order of 4-5 min
when the salt was applied from a 350 1b extinguisher. Both salts
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were effective in extinguishing rubivium and cesium spills lut

were ineflfective on quiescent pools of rubidiun and cesium, At

low temperatures (< 700°F), polyurethane foam can be uscd on
burning pools of rubiuium and cesiuwm, Because of the high tempera-
ture (2000°I'+) anu chemical reactivity of burning lithium, neither
of the salts werc effective, CGraphite is recommendeu as the ex-
tinguishant for lithium fires.

Organic liquias proved somewhat effective on low tempera-
ture fires (< 1000°F). 1Iwn all cases, a seconuary liquid fire
ensueu, but these were controlleud with application of CO, or bromo-
chloromethane, In practice, the secondary organic liquiu fire
coulue be more severe and troublesome than the alkali metal fire,
hence the use of organic liquids is not recommended.

Gas blanketing or reuuction of oxygen partial pressure
was effective in controlling lithium, scuium and potassium fires.
At an oxygen partial pressure of 0.1 atm, lithium aid not ignite.
Souiui igniteu in a 50% Ar-50% air atmosphere but less metal was
consumea (53%) than when souium was burned in a normal atmosphere
(82%). In 90% Ar-10% air anad in normal air at 0.1 atm, sodium
aulda not ignite.

Potassium aia not ignite when exposed to 0,1 atm, but
slowly oxiuized with 86% of the metal consumeu, In atmospheres
of 50% Ar-50% air and 90% Ar-10% air, potassium did not ignite
but 46% and 49%, respectively, of the free metal was consumed by
slow oxiuation.

Rubidium and cesium in quiescent pools did not burn in
the same manner as the other alkali metals, i.e., there was
essentially no smoke, emission of light or formation of an oxide
crust on the surface. Hlowever, when exposed to the normal at-
mosphere, 100% of the free metal was oxidizeua. And unlike the
other alkali metals, the degree of oxidation could not be reduceu
by altering the atmosphere; 100% cf the metal was oxidized in the
90% Ar-10% air atmosphere,

Variation of oxygen partial pressurc was also effective in
controlling ignition of jet streams of alkali metals. Streams
of rubidium anu cesium ignited in a normal atmosphere, but diu
not ignite in an atmosphere of 50% Ar-50% air or 90% Ar-10% air of
0.1 atm absolute pressure,
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XI., RECCOMMENDATIONS

A. INTRODUCTION

The results of this study coupled with past operating
experience have led tc the formulation of certain recommendations
with respect to alkali metal fires. As an example, a typical
alkali metal system has been chosen, It is recognized that there
are obviously many other operational configurations which could
have been selecteu such as alkali metals as hydraulic fluids,
coolants anua the like in high altitude aircraft, but the con-
figuration selected represents a rather complete spectrum of con-
aitions which might be encountered. As a basis for these recom-
mendations, it is assumed that an alkali metal (sodium, potassium
or NaK) cooied reactor is being used to generate electrical power
on boaru a spacecraft. It is farther assumed that the system will
contain 500 1L of alkali metal at 1500°F. Table 10 presents the
conditions which might exist and the procedures which should be
employeda,

B, SUPPLY CONTAINER

The alkali metal will be transported to the launch pad
area in a supply container, This might be a container in which
the supplier originaliy packagec the alkali metal, or a special
containrer to which purifieu alkali metal has been charged. It is
likely that some prepurification of the metal will be made prior
to chargin, of the system. DPrepurification procecures may entail
hot trapping, colu trapiing, filtration, uistillation or any com-
bination 2f these,

The supply containers will bLe large vessels containing
from 200-500 1b of metal. These will be fabricated of stainless
steel and will L. equippeud for heating the contained metal to
100-206°F above the melting point. Since the maximum operating
temperature of these vessels will be 350-400°F, a catastrophic
rupture of the vessel is imprcbable. Hence, the most likely
acciaent and the maximum credible accident is valve and fitting
leakage. Inciuents such as these are controllable by valving
off the leaking section, reducing pressure on the supply tank and
in same cases freezing the leaking line. Although these procedures
minimize the magnitude of leakage and fire, they do not extinguish
the {ire resuliting frolh the metal which has leaked from the system.

The fire resulting from leakage from the container can
be extinguisheu by application of Ansul's Met-L-X , TEC Powder or
polyurethane foam. Although these three extinguishants are re-
ferenced throughout this section, the souium chleride-based compound
is probably the most likely choice based on cost, availability
and past history. The quantity of extinguishant required will
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probably be small since the amount of alkali metal released from

the container shoulu be small., However, since a larger quantity

of extinguishant will be required during transfer, the extinguishant
will be on site while the alkali metal is contained within the
supply vessel and the quauntity which should be available should
equal the weight of the metal contzined in the supply vessel.,

C. TRANSFER FROM CONTAINER TO SYSTEM

The bulk temperature of the alkali metal supply during
transfer procedures will be ~ 350°F (for sodium) in the supply con-
tainer, Connecting pipin§ will be at least at this temperature
ana perhaps as nuch as 50°F higher, The most likely accident during
transfer is the development of leaks in fittings or valves., These
can be controlleu in the same fashion describeu for supply con-
tainers where the leaking section is valved off, pressure on the
supply container is reduceu and extinguishant is applied to the
metal which has leaked from the system.

The maximum credible accident during transfer would be
a catastrophic rupture of the connecting plumbing. If the rupture
occurs at a position where a valve is located between the supply
tank and rupture, the severity of the fire can be controlled by
closing the valve, If the rupture should occur between the supply
tank and the valve, it is likely that all of the metal will be
ejecteu from the system., 1In this case, a severe fire will follow
and must be controlled by application of Met-L-X, TEC Powder or
polyurethane foam, It has not been establisheu whether the re-
actor woulu be chargeu before or after installation in the vehicle.
It woulu be advisable to charge the reactor before installation
siuce the length of connecting plumbing could be held to a minimum
anu the possibility of damage to the vehicle would be minimized.

D, REACTCK ON PPAD

Prior to launch, the reactor will have been installed
in the vehicle anu will probably not unuergo start up until orbit
is attaineu, the purpose of this procedure being to reauce radiation
hazarus to the site. The temperature of the alkali metal then can
vary from ambient temperature, if there are provisions to mnelt the
alkhali metal after orbit is attaimeu, to 350°T if the retal must
be molten prior to attaining orbit.

Again the most likely inciuent is leaking fittings or
valves., If this occurs, while the velicle is being readied for
flight, extinguishants can be applieu if the reactor compartment
is reauily accessible. Otherwise inert gas blanheting is the best
methou of controlling the fire., The maximum credible accident
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could be rupture of the primary piping of the alkali netal systen,
This woulau most likely occur wuvring rochet ignition arpe 1ift cff
where vibrational and gravitational forces arc greatest, Lven

if the c¢raft were manncu, it would Le impossible for manual appli-
cation of extinguishant. Automatic celivery of extinguishant to
the fires 1s a possibility, but the weight penalty imposca uue to
extiuguishant, extinguishant aelivery systen anu pressuriziug
equipment vould probably rule out the feasibility of such a systen,
Inert gas blanketing then woulu appear to be the only reasonable
means of alkali metal {ire control anu extingulshment,

L, ABORT

If the vehicle suffers an abort during lift-off{ or while
attaining orbit, catastrophic rupture of the main alkali metal
pluiibing is likely to occur., In this case, there scems to be
little that can be uone to extinguish or control the alkali metal
fire which will follow, It shoulu be noteu that the fuel and
oxiuizer explosion and/or fire which would follow an abort would
be infinietely greater than the alkali metal fire. Interaction
between alkali metal anu either fuel or oxiuizer has been con-
sidereu., There woulu be no reaction between sonc of the hydro-
carbon fuels and the alikali metal, since souium anu NaK can be
storeu under mineral oil or kerosene., The severity of the reaction
between the alkali metals and oxiulzers or alcohol will uepenu upon
the conuitions which exist at the tine of contuct, In this study,
an ampoule of NaK was immerseu in liquiu oxygen and the ampoule
was broken. The only reaction which occurreu was surface oxiuation
of the NaK; no fire resulteu., Conversely, .JaKk was allowed to
arip into liquiu oxygen from a height of 1S5 ft., In this case,
the ~NaK hau igniteu before contact with the iiculu oxygen. There
was severc spattering of the NaK when it contacteu the liquiu sur-
face anu tne vessel in which the liquid oxy,en was containeu
ignitea anu was conpletely consuneu,

F. IN-FLIGHT

Unaer in-flight conditions, the most likely acciuent is
fitting or valve leakage. If an artifical gravity has been im-
parteu to the vchicle, the auuition of !let-L-X or TEC Powder to
the fire woulu be possible, Agailwn, however, the weight penalty
imposcu by the salt which wust be caryrice on voarc could be ob-
jecticnable. TFurther, since the maxinmur creuible acciuent would
be catastrophic rupgture of the prinary alkali nmetal piping, inert
zas blanketing woulu be requircu fer extinguishment of the fire
resulting from a naxinum credible accivent., It is recormended,
then, that a low oaygen partial jressure i the reactor conpart-
uwent be naintaineu (or that the compartnent e venteu to the
vacuuws 6f space) anu that extinguishant not be carried on lLoard,
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APPENDIXES I THROUGH III
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APPLRDIX I
CHARACTERISTICS AND CONTROL OF NON-ALKALI METAL FIRES

A, INTRODULCTION

A proposed fire {gsearch program submitted by the
Committee on Fire Research!®Jlists the areas in which basic
stuuies would contribute most significantly to understanding of
fires. In summary these are:

1. Characteristics of convection of hot air
and gases as affected by winds, topography,
density, gradiants and turbulence.

2. Gas and flame emissivities as a function of
frequency at high temperature.

5. Cooling, smothering and direct chemical
kinetic action of flame suppressants,

4. Aerodynamic properties cof burning bodies in
motion,

5. Mechanism and thermochemistry of pyrolysis
and oxiuation of solid combustibles with
emphasis on enaothermic and exothermic re-
actions on solid phase, gas evolution and
heat transfer from the surface and from
burning gases.

6. Model .laws for aerothermodynamic systems
with respect to geometry, fuel tygpe,
raciation, heating rate and so on,

7. Fundamental studies of sgrays including
evaporation rates, distribution of droplet
sizes, jet chracteristics and entrained air.

These suggestions are listeu here since, although they
apply basically to wood and hydrocarbon fires, many are applicable
to alkali metal fires. To uate most fire research has been guideau
by the empirical approach. The Committee on Fire Research suggests
that the scientific uiscipglines incluuing physics, chemistry,
thermodynamics, fluid mechanics, chemical kinetics, heat transfer
and so on be used to prouuce quantitative data on fires.
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Some of the general statements made in Fire Research
Abstracts and Reviews are listed here to establish the state of
the art, Information relating specifically to alkali metal fires
follows this listing.

B. DRY SALT EXTINGUISHING AGENTS

A review by Fricuman and Levy(7) discusses the mechanisms
of action of chemical agents for flame extinguishment. Two types
of chemical agents are discussed - (1) covalent halides such as
CCly, CHClz, CF,Bry, CHZClBr and the like and (2) inorganic salts
such as NaHCOs; and KHCO The cogent poxznt made is that these
agents suppress fires by chemlcal action rather tharn by physical
or mechanical interaction. This fact is verified in that the peak
percentage of diluent (the percentage d diluent which will prevent
a fuel-air mixture from burning) for a methane-air mixture 1is
38% Ny, 25% CO, but only 4.7% CHzBr. This amount of CHzBr is much
too small to account for extinguishment by either cooling or
smothering. The explanation advanced for this phenomenon is
chemical inhibition by reactlon with actlve species. Flame tempera-
tures range from 1500 to 3000°C. At 2500°C water is dissociated
into the active species H and OH; the same analogy holds for
hydrocarbons with radicals such as CH; and CpHg formed. With water,
these species initiate chain reactlons of the %ollowing type, with
each reaction producing another reactive radical:

H+ 0, —— OH +0
OH + Hz — H,0 + H
O + Hp —— OH + H
Covalent halides are believed to break these chain reactions and

thus act as extinguishants., Bromides and iodides are more efficient
than chlorides and fluorides.

Rosser et ai(s) present the following process as the
flame extinguishing mechanism of the covalent halides:

OH + HBr ~—>» HOH + Br
Br + RH —>» HBr + R

HBr is formed by decomposition of the covalent bromide and sub-
sequent recaction of the free Br with active H species. The net
result is to replace the OH by a less reactive species Br or H,
This theory also explains why the bromide and iodides are more
effective than chlorides or fluorides since the [I-Cl and H-F bonds
are so strong that the first reaction is too slow to have any
effect on the overall reactions occuring in the fire,

52




ns

Commercial dry salt extinguishing agents are usually
carbonate or bicarbonate salts, It was originally thought that
the extinguishing capabilities of these salts were uue to release
of CO, as a smothering agent. However, recent stuuies show that
the salts arec essentially unchangeu ana salts which Jo not evolve
CO, are as effective as the carbonates and bicarbonates. llence,
the extinguishing capabilities are attributed to chemical rather
than physical mechanisms. When uifferent solids of the same
particle size are compared, tremendous differcnces in extinguishing
capabilities are exhibiteu, lowever, some mechanical effect may
be present, since the smaller the particle size, the morc cffective
is the salt,

Neil1(9) reports that an increasing extinguishing effect
is evident with increasing atomic number of the alkali metals,
Superior fire fighting qualities are evident for KHCOz compared to
NaHCO3.

C., EFFLCT OF ATMOSPHERE ON COMBULSTION

Klein(10) has presented data on the effect of aircraft
cabin atmosphere up to 25,000 feet on burning times, which might
provide a correlation with alkali metal fires under various at-
mospheric conuitions. Cotton cloth burning time decreascs as the
proportion of oxygen increases, regardless of the partial pressure
of nitrogen; the same was true with helium insteau of nitrogen.

Ne atnmospheric composition up to 25,000 feet will prevent silicone
rubber, glass or Dacron braid insulation from burning. Ignition
tenperatures of hydraulic fluids increased as cabin pressure de-
crcaseu with both pure oxygen and air. Conclusions are that a
minimum oxygen content with maxinum inert gas content provides

an optimun atmosphere for a space vehicle,

Zehr (11) reportea on a study of combustion intensity of
woou dust and air mixtures with varying oxygen content. The
following results are listeu:

Oxygen Maximum Calculated
Content Pressures Pressures
% (atm) (atm)

21 4,1-4.,3 10.7
19 3.9-4.1 --
17 3.5-3.7 --
15 2.9-3.1 8.3
13 1.6-1.8 --
11 No ignition 6.4
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D, COMBUSTION UNDER ZERO GRAVITY CONDITIONS

A discussion of combustion under zero gravity conditions
would seem _warranted before alkali metal fires are discussed,
Gersteinfl suggests that two questions are principally involved:

1. Preparation of combustible mixtures where
gaseous and liquid flammable material are
involved,

2. The actual combustion process of all
flammable materials present within the
spacecraft,

In the absence of gravitational effects and forced convection,
flammable vapor is spreau only by diffusion. He estimates that
mixing rates will be lower under zero gravity than under normal
gravity conditions. He indicates however that if the spill is
in motion a random aistribution of flammable sources is expected
and the formation of flammabie mixtures would be more likely.

Experimental combustion studies have been made under
normai gravity conditions, while theoretical studies have neglected
gravitational effects and reasonable agreement exists between the
two. Hence, the thesis is advanced that gravitational effects
play a minor role in the combustion process. However, validity
of this coiclusion is subject to question.

Free fall studies of single burning drops show that:

1, The duimensions of the flame boundary and hot
air zone become higher and narrower as
acceleration increases because natural con-
vection becomes stronger.

2. Burning rates increase as acceleration in-
creases., Burning ratec can be expressed
in the form of:

n 252 .
Do” - D = kt
where:
D = drop diameter at time t
Dy, = initial drop diameter

Kk gvaporation constant

The value of k roughly doubles in going from a zero gravity to the
normal value for gravity.
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Empriical equations which include natural convection
cffects have  ravity appearing as a term raiseu to a fractional
exponent:

where:
0
m = burning rate per unit surface area
u = sphere ulameter
c = specific heat
k = thermal conuuctivity
B = transfer number, a function of fuel properties
g = acceleration due to gravity

{3

thermal uiffusivity

Since it is obvious that the burning rate is not zero when gravity
is zero, Gerstein suggests the following equation would be more
suitable,

0
m (g) = mo{l + £(g)]

with £(g) small compared to unity, It is alsc suggesteu that
flammability limits would be narrower under zero gravity ceaditions.
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APPENDIX II

PRESLNT PRACTICLS OF ALKALI HETAL FIPL LXTINGUISHIINT

A, INTRODUCTION

Lxtinguishment of ag%ali metal fires 1is uiscusscu ir
the Liquiu rietals Hanabook , (1 Need for ventilation of alkali
netal operating areas is stresseu. Iiithout proper ventilation,
fire fightin, personnel are hanuicappeu by the uense clouus of
alkali netal oxiue smoke which limit visilility anag cause throat,
lung anu eye irritation. A sclf-containeu breathing apparatus

is suggesteu if oxygen levels can be low, otllerwise a respirator
is sufficient. An auvantage of the sclf-containeu breathing
apparatus 1s protection afforded to the facial skin and eyes,

It is reporteu that soulum and ~aK will ignite spon-
tancously in air at temperatures above 115°C (239°r) with flame
temperatures of 1500-1600°F, Ignition is dependent upon surface
area, de,ree of dispersion anua humidity. Combustion of soulum
is not self-sustaining in an atnmosphere of less than 5% oxygen.
bry alkali metal chlorides, graphite or soua ash act successfully
as smothering agents., Water, carbon tetrachleride, carbon dioxiue
ana souium bicarbonate must ncver be used as alkali metal fire
extinguishants; water and carbon tetrachloride react with ex-
plosive violence with alhall metals! It cannot be overstressed
that the extinguishing agents nust be of a completely anhydrous
nature, Commercially prepared extinguishing agents, such as
ilet~L-X ury powuer auistributed by Ansul Chemical Company, are
treateu to prevent noisture pick-up and maintain the extinguishirng
agent in free flowing form. Pyrene G-1 powder distributed by
Pyrene sianufacturing Company is a graphite-lbase material treated
to prevent moisture pick-up. These extinguishants should bc
storeu in covered buckets or arums, or in extinguishers.

Extinguishing agents can be applied either from extin-
guishers, or with scoops or shovels. Pressured extinguishers are
available in 20, 30 and 350 pound sizes and fan spray type nozzles
should be used to sjyread the salt and minimize disturbance of the
burning alkali metal pool. Shovel or scoop application is usually
preferreu over extinguisher application. However for large fires,
cxtinguisher application is advised, The cholice must remain with
the fire fighting personnel at the site, Technique of application
of the extinguishing agent is an important aspect of fire fighting.
Extinguishing agents must be applieu carefully to prevent splashing
and nust completely cover the alkali metal surface. The salt fuses
tc form a crust over the alkali metal and serves to exclude oxygen;
breakthrough of this crust must be avoided since the fire will re-
Kincle if the allali metal has not cooleu to below the ignition
temperature,
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Alkali metal fires are not particularly hazardous unless
burning metal contacts the skin, but secondary hazards must be
avoided. Provisions must be made to prevent alkali metal contact
with water, organics, combustibles and concrete floors, Tempera-
tures of burning alkali metals are high enough to cause spalling
of concrete which will add to the overall hazard,

Proper design of equipment will reduce hazards to
personnel and equipment., Construction techniques and leak testing
minimize the possibility of alkali metal leaks, A sump tank pro-
vides a means of rapidly draining the system and '"removing fuel from
the fire", gravity flow to the sump tank is advisable. A drip pan
aids immeasurably in containing leaking alkali metal, aiding in
fire control and preventing contact of burning metal with concrete,
Grating over the drip pan will limit convection of oxygen to the
fire and can provide a support for extinguishant, Drip pans should
be of sufficient size to contain the volume of metal housed irn a
system,

No insulation is known which 1s impervious to molten
alkali metals but the following are suitable for use:

1. High density refractory minerals fiber felts

2, High density mineral wool or glass fiber,
either felted or in molded blockh form

5. Low density (not exceeding six 1lb per cu
ft) mineral wool or glass fiber felts

4, Asbestos with low water of crystallization,
such as felted or molded amosite

5. bMolded aerogel insulation
6. Eighty-five percent magnesia insulation

7. Moldea diatomaceous earth insulation
(1900°F type)

8. Molded calcium silicate insulation
9. Stainless steel wool

10. Metal foil enclosures filled with any of
the above materials.,

Some of these materials, specifically high density mineral fiber
felts, molded aerogel, molued diatomaceous earth and high tempera-
ture moldeu amosite, have displayeu resistance to flow of liquid
sodium, This characteristic can aid in fighting fires occurring
in vertical pipes.
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Clean-up is a facet of fire fighting which cannot be
neglecteu, Alkali metal fires will result in a residue containing
unburned metal, hydroxides, oxides, carbonates and fire extinguishing
medium, It must be remembereu that the reaction products are de-
liquescent and contact of these hydrated salts with free alkali
metal can result in a fire or, under proper circumstances, an
explosion. Hence, clean-up immediately following a fire cannot
be overemphasized, The mass should be shovelled into a dry metal
container equipped with a lid. The material should be transported
to the disposal area and burned in an onen pan with frequent
stirring to assure complete combustion. Following the combustion
process, the area should be thoroughly flushed with water.

Handling of NaK residues is more hazardous than the
handling of sodium residues since the NaK remains liquid at room
temperature, The same can be said for cesium residues.

B, SAFETY EQUIPMENT AND FIRST AID PROCEDURES

Proper safety equipmenc will protect personnel from
injury and provide greater efficiency in fire fighting, The fol-
lowing equipment is considered the minimum requirement for fire
fighting:

Eye protection - Non-flammable face shields
along with safety goggles

Head protection - Safety or "hard" hat

Foot protection

Leather safety shoes

Body protection - Loose fitting, flame-proof
clothing such as coveralls

or loose jacket and trousers

Hand protection - Chrome leather gauntlet gloves

Respiratory protection - Respirator or self-
contained breathing apparatus.

In the event of a spill of burning alkali metal on the clothing or
skin of personnel, one of the two following procedures is recom-
mended in the literature:

1, Remove clothing if covered with burning
alkali metal and flood subject with water
as quickly as possible, followed by neu-
tralization with 3% acetic acid,

2. Flood with mineral oil and remove alkali
metal particles by scraping or with tweezers,
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Both techniques have their auvantages and disadvantages and the
choice must rest with personnel performing first aid treatment.
Water rapidly anu completely removes alkali metals and caustic
from the skin, but scattering of the metal may result, Mineral
0il is useu to excluue air from the alkali metal, but can in
itself ignite, and it tends to seal the caustic to the skin,
causing chemical burns. In both cases, the treatment should be
followed by neutralization with 3% acetic acid. Do not use
acetic aciu in the eyes, but flush with water or mineral oil and
follow with 5% boric aciu treatment,

A woru on fighting rauioactive alkali metal fires seems
warranted since these metals will be used as reactor coolants., 1In
general, rauioactive fires shoulu be fought in the same manner as
non-radioactive fires, keeping in mind the radiation exposuré€ and
ingestion hazard to which fire fighting personnel are subjected.
Protective equipment should include a self contained breathing
?pparatus rather than a respirator to eliminate the ingestion
iazard.

Thorley and Raine (14) uiscuss safe handling ef alkali
metals, Health hazards are listed as:

1. Flesh burns from contact with metal or
caustic resiuues

2. Eye, nose, throat and lung uamage from in-
halation of alkali metal oxide smole.

Four points are listed to ensure maximum safety during handling:
1. Shielu all apparatus
2. Incorporate dump vessels in the system

3. Use inert cover gas to prevent in-leakage
cf atmospheric gases and to aia in dumping

4, Install urip trays under the apparatus,

Soda ash (anhydrous) anu zirconium carbonate are recormcnued as
extinguishants with application from a COj pressurizeua extinguisher,
Sprinklers or scoops may also be used; scoops are particularly
useful in forming salt dykes around molten alkali metals. The
authors recomnenu that alkali metal burns be covereu with liquid
paraffin anu that water never be used on alkali metal spills on

the skin.
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L. LXPLRIMLNTAL STUDILS WITH URY POWDER EXTINGUISHANTS

Zeratsky(ls) wiscusses dry powucer extinguishing agents
for alkali wmetal f{ires. G-1 powuer is the traue nane of a pro-
duct of the lyr-I'yter Company and is compcsed of granular graphite
to which is auwueu phosphorous-containing compounus, The product
ueconposes to phosphorous compounus which blanket the fire and
graphite which cools the alkali metal to below the ignition point.
It can be applied with shovel or sccop but cannot be discharged
from an extinguisher,

Met-L-X , manufactured by Ansul Chemical Company, is a
souiun chloriue base with additives to render it free flowing
(tricalcium phosphate) anu cause heat caking (metal stearates). A
therno-plastic material is auued to binu the sodium chloride
particles into a soliu mass unuaer fire conuitions,

Both G-1 anu Met-L-X are non-combustible and secondary
fires uo not result, They are generally non-toxic and their use
will not increase the intensity of a iire., Both are treated to
maintain the extinguishant in an anhyurous conuition,

I'an fires ana spill fires of souwiun are easily ex-
tinguisneu with Met-L-X or G-1. Because of its ability to auhere
to molten sowium, Met-L-X can be useu on sprayeu or spilled sodium
on vertical surfaces. .

Lither extinguishant can be used on potassium or NaK fires,
but since the specific gravity of the molten metals is less than
that of G-1 or het-L-X, the powuers tend to sink. A perforated
plate locateu near the liquid metal surface has becen used to sup-
port the crust formed with these extinguishants.

G-1 is suitable for both lithium spill fires and lithium
fires in uepth, tiet-L-X is not recommended for lithium fires of
aepth since it sinks and lithium reacts with the salt to produce
LiCl and souium metal. Thin layer lithium spill fires can be
fought with Met-L-X since the salt cannot sink; the resultant
sodium fire is nore easily extinguished than a lithium fire.
Lith-X, a yraphite-base powuer, has been developed by Ansul
Chemical Company for lithium fires.

Lith-X is also uscu on triethvlaluminu fires vhere it
extinguishes only by absoription of the licuiu. Met-L-Kyl, a
bicarbonate base with an activated absorbant, has also becen de-
velopeu for tricthylaluminum fires. Water and foams reacteu
cxplosively, CO, was ineifective anu ary chemical and chlore-
bronomethane c¢xtinguisheu but jpernitted reignition of triethyl-
aluminun. fires. About 7-10 pouirds of Lith-X or Met-L-Kyl are
requireua per pounu of triethylaluminum,
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Other metal fires are discussed with the foliowing recom-
mendations:

Magnesium Fire: in dry or oily chips, turnings
or castings can be extinguished with

either agent

Uranium - Both agents are effective

Titanium - G-1 is more effective than Met-L-X
which cannot form a crust at com-
bustion temperatures

Zirconium - Fires with chips or turnings coated

with oil-water coolant can be ex-
tinguisheu with either agent, Fires
involving moist chips or turnings
are only controlled,

Blackmer (16) phas reported on the hazards associated with
NaK, suggesting removal of fuel (to a dump tank) as the best fire
fighting technique., Fire hazards in aircraft could be reduced
by packing all voids with vermiculite or some other lightweight,
fire proof insulation,

Kumpitsch(17) describes a NaK disposal facility for test
equipment, It consists essentially of an 8 foot deep water tank
with remote control uevices for immersing containers in the reser-
voir. Although the reaction is violent, no oxide fumes are formed
ana the techniqu? %3 consiuered superior to spraying with water,
Andrews and King 1 describe underwater disposal of molten sodium,
Sodium at 350°F was uischarged unuer 10 feet of water at a rate of
90 1bs/min with little ?xiue smoke and no hydrogen fires. Later
work by King and Milich'i9) demonstrated the necessity of efficiently
dispersing the metal upon uischarge. A nozzle producing high shear
forces was useu as the uispersing mechanism,

Little(20)has reported on the usec of powders for extin-
guishing sodium or NaK fires., Rock wust (CaCO3), soua ash and
potassium chloriue powders were applieu to sodium and NaK fires,
Pressurizeu extinguishers were used cn 50 pound fires and shovel
application was useua for 5 pound fires. With nitrogen as a pro-
pellant the weight ratio of CaCOz to metal was 3.4/1 for 5 pound
fires and 5.8/1 for 50 pound fires; air as a propellant increased
the ratio to 7.2/1 for 50 pounu fires. Results are summarized
in Table 1].
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D, EFFECT OF OXYGEN PRESSURE ON ALKALI METAL

Mangold and Tidball(21) have reported on the effect of
oxygen partial pressure on sodium fires. Results indicate that
combustion of sodium cannot be sustained below 5% oxygen (tempera-
ture of leaking souium = 850°F). Table 12 shows the results of
this study. Analysis of the residue from one of the fires showed
25% Na,0,. Cooling the surface on which the molten sodium was
placed minimized the quantity of sodium which burned.

E, TYPICAL ALKALI METAL FIRE FIGHTING FROCEDURES

Alkali metal fire fighting procedures useu at O%§2R§g§e
National Laboratory (ORNL) are outlineu in two documents. ’

The following procedures are recommended for combating alkali
metal fires:

1. Reduce pressure in system.

2. Turn in the fire alarm.,

3. Isolate the system electrically.

4, Remove heat source,

S. Actuate emergency ventilation system, ,*
6. Put on protective clothing as required.

7. Wear gas masks or other specified protective
equiprn.ent as necessary.

8. Use graphite on fire, applied by shovel or
pressurized extinguisher. Met-L-X may be
used on sodium, potassium or NaK fires.

9. Take all possible measures to confine the
metal by forming dykes with graphite, catchiag
in metal pans, or control with insulating
blankets or metal shields.

10. Leave insulation around leaking portion of
rig in place.

11. If the fire is confined, other equipment is
not being damaged, and fumes are being
adequately removed, the fire may be allowed
to burn itself out without the necessity for
applying an extinguishing agent.




TABLE 12- SODIUM COMBUSTION UNDER REDUCED OXYGEN

PARTIAL PRESSURE

Weight of
Na (1bs)

————.

47
32
43,5
41.5

37.5
45

0, Concentration
Before Burning(%)

2,75
9.69
13.44
20.28
6.97
11.92

(l)Calculated from vol

Vol %
After Burning

Weight of Na(l)
Burned (1lbs)

2.62

8.45

12'

14.

17
87

6.31

9.

76

1.3
12,5
12.6
53.6(2)

6.5
21.4

0, assuming combustion product is Na,0

(Z)Calculated Na burned higher than the original charge due to

NaZOZ
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ORNL recommends graphitc powder in cases where more than one in-
flammable metal is being handled. If a single inflammable metal
is being hanuled the following recommendations are made,

Lithium - Graphite

Sodium - Met-L-X, Graphite, Pyrene C-1, Soua Ash,
Calcium Carbonate

Potassium - Same as for socium
NaK - Same as for souiunm

Exposure of the metals to moist air can result in generation of
hyarogen., After a fire, covers shoulu be replacecu on drums as
soon as possible ana smoking shoulu be restricted in areas where
hanuling 1s in progress.,

dMineral oil [lushing is recommenueu in cases where there
has been contact of burning alkali metal with the skin.

A short uiscussion of system clean-out procedures is
presenteud since proper clean-out techniques will wminimize the pro-
ability of a fire. Correct draining procedures cannot be over-
emphasizeu since they will reduce the quantity of metal available
for reaction and proviae yreater assurance of drainage of narrow
passages. DUrainir. should be performed at the highest practical
temperature to minimize drainage film thickness. Inert gas
coverage 1s necessary auring this procedure.

Following urainage, the resicual alkali metal can be
removeu in & number of ways. Ury steam reacts slowly with alkali
netals, The hyuro,en produceu nay ignite upon leaving the equip-
ment but no explosions vill occur within the system since steam
aispiaces any oxygen which m~y be present., Moist steam can also
be useu if there are no obstiucteu passa,es. Water reacts ecx-
plosively with soulum with aprroximately 1/10 the force of TNT,
thus contact of conuensed water with sodium in a closed system
niust be avoiueu., later can Le used to clean lithium systems if the
water flowrate is sufficiently high to maintain the ecquipment at
or near ambient temperature,

Equipment may also be cleaned with alcchels (the higher
alcohols react more slowly with souium). Care nust be taken since
1 yarogen anad heat are released uuring reacting and the alcohols
t.emselves are [lammable.

Molten sodium hydroxiuc may also prove suitable for re-
nmoval of resiuual socium. [legardless of the cleaning technique
uscu, water is always useu as a final rinsc.
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Proceuures for alkali metal fire fighting at Los Alamos
Scientific Laboratory are described by Stout.%241 Prompt action
is vital with NaC0z, NaCl or graphite recommecnded for sodium and
potassium fires., Graphite is recommended for lithium fires since
free sodium is liberated from Na,CO- and NaCl when useu on iithium
fires. Zirconium silicate and lithium chloride are also suggesteu
for lithium fires. Steel covers on drip pans with holes giving a
maximum open area of about 25% will result in self extinguish-
ment.

Little(25) has reported on the action of NaK anu sodium
on various protective equipment., Cotton cloth gloves, chrome
leather gloves ana aprons, MSA Nu-Lookh goggles, laminated balkelite
hats and face shielus with acetate windows were subjected to streams
of sodium and NaK at 150, 350 and 500°C. Chrome leather and lami-
natcu bakelite were the only material to give 100% protection at
500°C. Rubber gloves, face shields anu goggles protect against XNaK
to 150°C anu souium to 350°C while cotton cloth is good only at
Yoom temperatures,

Materials were subjectea to a 1/16 in. d%gmeter stream
of lithium at 1100°F anu 60 psig for 30 seconds. (£0) The materials
were positioncd 6 feet from the orifice and were sprayed with 7
1bs of lithium. The following results were listed:

Chrome leather - charreu and gloweu almost 1in-
stantly, shrunk but some remained
as coke,

Chamois leather - disappeared quickly and completely.
Greylite - disappeared quickly and completely.

1/8 in, thick plexiglass - disappeared quickly anad
completely.

1/2 in, thick plexiglass - ignited and eventually
burned out after jet
removed,

G.F. multilayer protective cloth metal - disappeared.

/8 in., thick steel baching plate - severe buchling,
no penetration, bright cherry red
spot 18 in. diameter with almost
white hot center spot.

-
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F., INDUSTRIAL SURVEY ON FIRE FIGHTING TECHNIQUES

In auuition to the literature survey, an industrial
survey was made to determine the most up-to-date techniques used
by various companies. Specific information which was requested
was "fire fighting manuals and other literature on proceudures
used ip alkali metal fire fighting." The information obtained
is summarized below.

Organization A uses soda ash as an extinguishing agent.
The largest fire encountered was a 5 lb container of sodium which
ruptured auring melting and the dispersed sodium started multiple
fires. These were quickly brought under control with soda ash
applieu by &n operator wearing a gas mask.

Organization B has had several spills with rubidium,
cesium and NaK followeu in some cases by small fires. During trans-
fer of NaK from a shipping container, NaK poured out of the one
of the lines and into a woouen shipping box. The box was broken
open ana NaK ran onto an asphalt tile floor. Met-L-X from an ex-
tinguisher was applied to the box while calcium carbonate was
shoveleu onto the NaK on the floor. Both fires were rapidly
brought unuer control. During clean-up of the residue, the crust
was uisturbeu and the NaK reignited, Again calcium carbonate was
used to bring the NaK fire under control. This residue was re-
acteu with 80% isopropyl alcohol-20% water,

Organization C used Met-L-X on NaK fires and powdered
graphite on lithinm fires. Lith-X is also on hand but has never
been useau,

Organization D recommenus smothering with a 1lid if the
metal is containea in a tank, Open soaium fires are extinguished
With NaZCOS.
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APPLALDIN ITI

SUMMAKY OFF FRIL)WICIH'S WORK OX ALKALT MEGAL TIPLS

FricuriCh'S(S) stuuy of extinguishing agents for alkali
metal fires has suggestcu some pussibilities. lic consiuereu three
possible effects from extinguishing agents:

1, Smotherin, effect
2. Cooliny effect

a. Removal of heat by enuvothermic reaction
b. Removal of heat ly absorption

3. Chenical effect

The thiru cffect is analogous to the extinguishing nechanisr of

ary chemical on flammable liquiu or gascous fires. [riedrich
reasons that since the allali metals can be heatecu to their toiling
points in an atmosphere of ary oay_en vct ignite at their melting
points in normally moist atmosihere, traces cf water must play an
important part in the oxiuvation mechanism., A conparison is made
between (€O anu oxygen which react slowly under anhyurcus conditicns
but rapiuly in thc presence of traces of water:

CO+UH—> CU,+li/ (Starting Reaction)/Na+oli—s-1/28a70,+L
h+0o+li—>h0o+M/ (M=forei, n 1iolecule or wall)/L+0,+I—L0,+H
CO+l03—>C02+0li/ (Chain branching)/Na+hECy—> 1/25ka02+0k

Both OH anu HO, radicals have been observeu spectroscopically. The

102 rauical is reauily broken uown by contact with salts by the
following reaction

HOp+e ——>1/2H70+3/40+¢

The valiuity of this theory of extinguishment of alkali metzl f{ires
is, of course, open to question but is worth consiaeration,

Results of Friedrich's work on lithium, scuium aru
potassium fires of the 1, 10 and 100 gram size are presented in
Tables 13 to 22. The intensity of the reiction is qualitatively
ratcu, using a scale in which O inuicates no visilble reaction
while a rating of 4 inuicates a full strength rteaction (strong
increase in flames; even explosion)
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TABLE 13- EXTINGUISHMENT WITH PULVERIZED SUBSTANCES
(60 u MEAN MESH SIZE) AGAINST Li FIRE (1 g)

Reaction Burning Li Not Completely Perfectly Covered

Extinguishant Severity  Covered With Extinguishant With Lxtinguishant
Li,C,04 4 Flames increase-strong It burns further
smoke develops
NaZCZO4 4 " It does not burn
: further
K2C,04 4 " "
Li,CO4 2 Little increase of flame "
Na,CO4 3 Dazzling sparks, yellow n
K2C03 4 Dazzling sparks,pale- "
violet

NH,4F 4 Flames increase-strong It burns further
smoke develops

NH4Cl 4 " "

NH4Br 4 " "

NH4I 4 1 1"

LiF** 0 LiF melts in part It burns no further

LiC1** 0 LiCl melts in part u

LiBr## 1 LiBr melts in part "

NaF 2 Dazzling sparks; yellow "
smoke develops

NaCl 4 " "

NaBr 4 " "

Nal 2 Nal melts in part-weak I, "
separation

SrCO3 3 Incrcasing flames under "

emission of red light;
dazzling sparks; smoke
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TABLE 13- EXTINGUISHMENT WITH PULVERIZED SUBSTANCES - Continuad

Extinguishant

BaC03

8a0
CaO
CaFZ*

SiCp *

Graphite*

Talcum

Concrcte or
Pumice Powder

ByC

BN

Vermiculite

KF

KC1

KBr
KI

Reaction Burning Li Not Completely Perfectly Ccvered
Severity  Covered With Extinguishant With Extirguishant

5 Increasing flames under It burns no further
emission of yellow, bright
light; smoke develops

3 Increasing flames, BaO "
melts in part

1 Insignificant increase It burns further
of flames

0 CaF, melts in part It does not burn

further

0 -———— 1"

0 .- "

2 Trivial increase in It burns no further
flames, smole generated

4 Strong increase in "
flames

4 Pointed flames build It burns further
up; smoke gencrated

2 Increasing flames; smoke It burns no further
generated under emission
of yellow light

4 Strong increase in It burns further
flaming; cmission of
sparks

2 Dazzling sparks; pale- It burns no further
violet

4 Strong dazzling sparks; "
palc-violet strong
smoke develops

3 " "

1 K1 melts in part, weak "

iodine (extraction or
separation)




TABLE 13 - EXTINGUISHMENT WITH PULVERIZED SUBSTANCES - Continued

Extinguishant

Reaction
Severity

Burning Li Not Completely Perfectly Covered
Covered With Extinguishant With Extinguishant

N82504
X504

MgO

510,

B205

T102

CaCD3

4

[#2]

[#3]

Violent spattering with
burning Li

Increasing flames under
emission of bright
yellow light

1"

Increasing flames under
emission of yellow
light, smoke generated

Increasing flames under
emission of yellow
light, smoke generatecd,
B,05 melts in part

Explosive reaction;
dazzling sparks

Weakly increasing flames
under emission of bright
yellow light; smoke
generated

It burns

It burns

"

"

* The perfect covering would be about 5 to 10 fold quantity of
pulverized substance excess in reference to the alkali metal quantity
used, in order to extinguish the fire,

** Indicates most promising materials.

further

no further




TABLE 14- EXTINGUISHMENT WITH PULVERIZED SUBSTAMCES
(60 j1 MEAN MESH SIZE) AGAINST Na FIRE (1 g)

Reaction Burning Na Not Completely Perfectly Covered
Extinguishant Severity Covered With Extinguishant With Extinsuishant®
LipCo04 2 Flame-up; smoke gencrated It burns no further
Na,C204 1 Weak flame-up "
K2C204 l 1" 1"
Li,CO; 2 Flame-up; smoke developed "
N32C03** 0 - 1"
K,COz 2 K,C0, melts a little; weak "

sparking; partial flame-up;
smoke generated

NH4F 4 Strong increased f{laming; It burns further
smoke develoys

NH,Cl 4 -- "

NH4BT 4 - "

NH4I 4 -- "

LiF 1 Weak f(lane-up, LiF melts It burns no further
in part

LiCl 1 Weak flawc-up, LiCl "
nelts in part

LiBr 2 Weak flame-up; LiBr "
melts in part

NaF 1 Weak flamc-up; NaF nelts "
in part

NaCl#*% 0 -—- "

NaBr 2 weak f{lame-up "

Nal 1 Nal nelts in part, weak I, "
[(precipitate or separation)

KF 1 Weak 1lame-up "




TABLE 14~ EXTINGUISHMENT WITH PULVERIZED SUBSTANCES - Continued

Reaction  Burning Na Not Completcly Perfectly Covered

Extinguishant Severity Covercd With lxtinguishant With Extinguishant
KC1** 0 -- It burns no further
KBr 2 Smoke generated; weak It burns no longer
flame-up
KI 1 KI melts in part, weak I "
(scparation or prccipita%ion}
Na 504 1 Na,504 melts in part !
K250y 4 Severe spattering of Na it burns further
MgO 2 Weak increase in flaming; It burns no further
smoke develops
Al,03 4 Sparking; flame-up and "
sinoke develops
$i0, 2 Flame-up and smoke "
generated
BZO3 4 Explosion; B,03 melts in "
part
TiOZ 4 Explosion; smoke gecnerated "
CaCO3 2 eak {lame-up; smoke "
generated
STCOS 2 - "
BaCOz 3 Flame up; smoke develops "
BaO 4 Dazzling sparks; pointed "
flames build up; smoke
developes
Ca0 1 Weak flame-up; CaO melts "
in part
Ca}.’zi:.‘: 0 - 11
Siczt!* 0 - "
Graphite* 0 -- "
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TABLE 14 - EXTINGUISHMENT WITH PULVERIZED SUBSTANCES

- Continued

dazzlng sparks

Reaction Burning Na Not Completely Perfectly Covered
. Extinguishant Severity Covered With Extinguishant  With Extinguishant
Talcum 3 Dazzling sparks; flames It burns no further
increase
Pumice Powder 4 DPazzling sparks; flames "
increase; pointed flames
build up; smoke develops
B4C 4 Pointed flameés build up; It burns further
smoke generated
BN 3 Flames increase; It burns no further
dazzling sparks
Vermiculite 4 Flames increase; It burns further

* At complete covering would be approximately 5-10 fold quantity of
pulverized substance excess in reference to the quantity of alkali
metal used, in order to extinguish the fire.

** Indicates most promising materials,




TABLE 15 - EXTINGUISHMENT WITH PULVERIZED SUBSTANCES
(60 u MEAN MESH SIZE) AGAINST K FIRE (1 g)

Reaction Burning K Not Completeiy Perfectly Covered
Extinguishant Scverity Covered With Extinguishant With Extinguishant*
LiC304 3 Flames increase; smoke It burns no further
develops
NaC,0,4 2 " "
K2C204 1 Weak increase in flaming; "
weak development of smoke
L1i,CO4 2 Flame-up; weak flame "
increase; smoke generated
Na,COs 1 Weak flame-up; Na-CO "
i melt in part i
K,COz 1 K2C03 melts in part; "
weak“flame increase
NH4F 4 Strong increase in flames It burns further
NH,Cl1 4 " "
:‘-‘}1451" 4 " 1
NH4I 4 " "
LiF 1 Weak increase in flames; It burns no further
LiF mclts in part
LiCl 2 Weak increase in flames; "
LiCl melts in part
LiBr 3 Very strong increase in "
flames; LiBr melts in part
NaF** 0 NaF melts in part "
NaCl 1 Weak flame-up; NaCl melts "

ot Bak
ll‘. }/urb

NaBr 3 Dazzling sparks; NaBr "
nmelis in part

Nal 1 Nal melts in part; trivial I3 "
(separation or precipitation)
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TABLE 15 - EXTINGUISHMENT WITH PULVERIZED SUBSTANCES - Continued

Reaction
Extinguishant Severity
KF 1
KCl#*# 0
KBr 2
KI 0
N32504** 0
K2304** 0
MgO 2
SiO2 1
8203 4
TiO2 4
CaCOx 1
BaO 3
Ca0 yi
CaF2 1
SiCy** 0

Burning K Not Completely
Covered With Extinguishant

Perfectly Covered
With Extinguishant

Weak flame-up

"

Flame-up; KBr melts in
part

KI melts in part; trivial Iy

It burns no further

"

1"

(separation or precipitation)

Na2504 melts in part

K,S04 melts in part

Flame-up and smoke develops

Strong flame increase

Weak flame-up; weak smoke
generated

Explosion;dazzling sparks;
strong smoke develops;
B,D3 melts in part

Pointed flames build up;
strong smoke generation

Weak flame’increase and
smoke develops

Flames increase and smoke
develops

Pointed flames build up;
Weak flame increase

Negligible flame increase
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TABLE 15 - EXTINGUISHMENT WTTH PULVERIZED SUBSTANCES - Continued

Reaction Burning K Not Completely Perfectly Coyered

Extinguishant Severity Covered With Extinguishant With Extinguishant
Graphite 1 Trivial flame increase and It burns no further

smoke develops
Talcum 3 Increased flaming and smoke "

develops
Pumice Powder 3 " "
B4C 3 Dazzling sparks It burns further
BN 3 Flames increase "
Verimiculite 4 Strong increase flaming; "

dazzling sparks

*  The perfect covering would be about 5 to 10 fold quantity of
pulverized substance excess in reference to the aikali metal quantity
used, in order to extinguish the fire.

*% Indicates most promising materials.
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TABLE 16- AMOUNTS IN GRAMS OF POWDERY, SOLTD SUBSTANCES
(60 u AVERAGE GRANULE SIZE) USED AGAINST FIRES OF LITHIUM,
SODIUM, AND POTASSIUM (10~ and 100-g. SAMPLES)

Lithium Sodium Potassium
Extinguishant 10 g. 100 g. 10 g, 100 g. 10 g. 100 g.
Graphite 39 430 21 250 19 220
KF 51 710 36 280 32 265
SiC, 78 --- 48 --- 39 ---
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TABLE 17- EXTINGUISHING RESULTS OF LIQUIDS AGAINST Li, Na, and K FIRES (lg)
Flash Extinguishant Used in
Fluid Point cc(Flowrate 2 cm3/sec)
Extinguishant (°C) Li Na K Remarks

spindle o0il 225 N.E.* 8.6 6.4 With Li secondary burning

"+ 20% CB** 8.0 5.8 4.3 Smoke generated
paraffin oil 213 N.E. 4.9 2.5 With Li secondary burning

"+ 20% CB 5.0 2.9 4.9 Strong smoke developed
silicon oil AK250 N.E. 7.3 12.5 With Li secondary burning; I

315 weak smoke developed

" + 20% CB 6.3 5.7 10.0 Strong smoke developed
didecylphthalate 216 N.E. 9.2 8.5 With Li secondary burning

"+ 20% CB 7.5 6.5 5.3 Strong smoke developed
bis-2 ehtylhexylphthalate 190 N.E. 12.2 10,3 With Li secondary burning

"+ 20% CB 10.0 5.9 4.3 Strong smoke developed
diethylphthalate . N.E, N.E. N.E. Secondary burning

" 4+ 20% CB 156 16.5 13.5 10.4 Strong smoke generated
dibutylphthalate 170 N.E. N.E. N.E. Secondary burning

"+ 20% CB 12.2 8.0 6.8 Strong smoke generated
dimethylphthalate 132 N.E.N N.E. N.E. Secondary burning

"+ 20% CB 9.4 7.5 5.8 Strong smoke developed
butylbenzylphthalate 190 N.E. N.E. N.E. Secondary burning

" + 20% CB 9.8 8.2 6.2 Strong smoke developed
dimethylglycolphthalate N.E. 23.0 18.8 With Li secondary burning

'+ 20% CB 174 6.5 4.5 3.8 Strong smoke developed
butylglycolphthalate N.E. 30.0 28.2 With Li secondary burning

" + 20% CB 185 7.5 7.2 6.7 Strong smoke generated
dioctylphthalate 204 N.E. 13.3 12.7 With Li secondary burning

" + 20% CB 6.0 5.2 4.9 Strong smoke developed
dinonylphthalate 210 N.E. 13.0 12,5 With Li secondary burning

"+ 20% CB 4.6 4,0 3.8 Strong smoke generated
octylstearate 205 11.6 9.4 7.5 Saponification

"+ 20% CB 5.6 4,8 4,5 Saponification; smoke
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TABLE 17 - EXTINGUISHING RESULTS OF LIQUIDS

AGAINST Li, Na, and K FIRES (lg)

Fluid
Extinguikhant

dibenzyltoluene
"+ 20% CB

benzylbutyladipate
" + 20% CB

benzyloctyladipate
"+ 20% CB

diphenylxylenylphosphate

"+ 20% CB
trichloroethylphosphate
"+ 20% CB

tricresylphosphate
"+ 20% CB

dioctylsebacate
" + 20% CB

dibutylsebacate
"+ 20% CB

diglycol

"+ 20% CB
triglycol

"+ 20% CB

ethyitriglycol
" + 20% CB

butyltriglycol
" + 20% CB

(Continued)
Flash Extinguishant Used in
Point gd(Flowrate 2 cm3/sec)
(°0) L1 Na K Remarks
180 16.5 803 608 ==
4.2 4,0 2.5 Smoke generated
185 N.E. 39.0 32.5 Strong smoke developed
- 8.2 6.3 10.1
214 13. 10,7 8.5 ---
S. 3.3 4.8 Strong smoke developed
N.E. 7.9 8.2 With Li secondary ourrn-
ing; strorg smoke de-
240 veloped.
5.0 2,1 6.3 ---
15.6 13.2 12,1 Smoke generated
232 N.E. N.E. N.E. Stronger secondary
burning
21.5 12,5 8.5 Strong smcke developed
235 4, 3.1 3.6 Strong smoke and soot
developed
213 10.1 9.2 8.5 ---
“ 3. 6.1 11.9 Strong smoke generated
N.E. 21.0 18.3 With Li secondary burning
7. 5.5 16.5 Strong smoke developed
N.E. N.E. N.E. Secondary burning and
124 alcoholate formation
" " " More violent burning
" " " Secondary burning and
177 alcoholate formation
" " " More violent secondary
burning
" " " Secondary burning and
122 alcoholate formation
" " " Secondary burning
" " " Secondary burning and
135 alcoholate formation
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TABLE 17 - EXTINGUISHING RESULTS OF LIQUIDS AGAINST Li, Na, AND K FIRES (1g)

(Continued)

Fluid
Extinguishant

castor oil ,
"+ 20% CB

sunflower oil
"+ 20% CB

linseed o0il
"+ 20% CB

olive oil
"+ 20% CB

peanut oil
"+ 20% CB

cod-liver oil
" + 20% CB

neat's-foot oil
" + 20% CB

bone oil
"o+ 20%

*N, E. - Not Extinguished

Point cc(Flowrate 2 cm”/sec)

Flash Extinguishant Usgd in
(°C) L1 Na K

229 8.6 4.9 4.0
4.5 3.0 8.3
12.5 8.0 6.9
230 4.0 3.2 3.4
17.5 9.8 22.
205 3.2 6.6 12.9
8.2 8.0 10.2
225 4.1 3.4 10.5
6.2 6.9 6.3
282 2.1 5.1 10.3
230 lZcS 6-7 506
3.1 12.8 11.1
8.5 6.2 5.3
243 3.5 2.3 10.4
6.5 5.5 3.5
232 3.0 4.1 12.9

Remarks

Saponification
Strong smoke ceveloped;
sapcnification

Saponification
Smoke generated,
saponification

Saponification
Extreme strong smoke
generation;saponification

Saponification
Strong smoke developed;
saponification

Saponification
Strong smoke developed;
saponification

Saponification
Saponification; strong
smoke developed

Saponification
Sapenification; stxong
smoke developed

Saponification
Strong smoke generated;
saponification

**CB - Chlorobromoethane
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TABLE 18- EXTINGUISHING RESULTS OF LIQUIDS AGAINST 10 g FIRES
Li, Na AND K

Extinguishant Used in cm3

Liquid (Flowrate 6 cm3/sec)
Extinguishant L1 Na K Remarks
Dibenzy)toluene N.E. N.E. 80 With Li and Na secondary
fire
"+ 20% CB 30 14 7.5 Smcke generated
Spindle oil NL.E. N.E. N.E. Secondary fire
"+ 2)% CB 49 17 35 Smoke developed
Octylsterate N.E. N.E. N.E. Secondary fire;
saponification
"+ 20% CB 55§ 23 N.E. Smoke generated; with K
saponification
Sunflower oil N.E. 45 76 With Li secoundary fire,
saponification
" + 20% CB 26 8 72 Smoke developed; saponi-

fication especially
strong with K
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TABLE 19 - RESULTS USING FLOWRATE OF 20 em3/sec

Dibenzyltoluene 450 125 62 @ eeea-

Spindle oil N.E. N.E, N.E. Saponification

Octylstearate 225 175 529 " ; especially s:rong with K
Sunflower oil 200 76 42 Saponification
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TABLE 20 - RESULTS USING FLOWRATE OF 60 cm3/sec

Dibenzyltoluene 165 37 25 eeee-

Spindle oil N.E. 255 170 With Li secondary fire

Octylstearate 150 75 375 Saponification; especially
strong with K

Sunflower o0il 65 62 36 Saponification

*N,E. - Not Extinguished
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TABLE 21 - EXTINGUISHING RESULTS OF LIQUIDS AGAINST 100 g
FIR=S 7F Li, Ma AND K

Extinguishant Used_in cm3

Liquid (Flowrate 60 cm3/sec)
Extinguishant Li Na K Remarks
Dibenzyltoluene N.E.* N.E. 805 With Li and Na
secondary burning
Spindle oil N.E. N.E. N.E. Secondary burning
Sunflower oil 1125 475 668§ Saponification;especially

strong with K

D A M T W E G N D S EE BRGSO E AE TG T GD GGG E TG W MG S W DG e D@D D e W e =

TABLE 22- RESULTS USING FLOWRATE OF 120 cm3/sec

Dibenzyltoluene N,E. 1085 670 With Li secondary
burning
"+ 20% CB** 175 153 149 Smoke developed
Spindle oil N.E, N.E. N.E. Secondary burning
" + 20% CB 155 137 112 Strong smoke generated
Sunflower oil 715 355 565 Saponification;

especially strong with K

*N.E. - Not Extinguished **CB - Chorobromoethane
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The 1 g fires were used as screening tests and only those solids
which exhibiteu no reactior. were used on 10 and 100 g fires.
Silicon carb®ide uid not show any reaction but was not suitable

as an extirnyguishant since it penetrated the liquid metal and did
not form a cohesive bond. Calcium fluoride which showed no re-
action on 1 g fires exhibited slight reaction in the larger fires.
Graphite worhed well on all fires.

Liquid extinguishants, with high ignition points as
the basic criterion of selection, were also evaluated. [Ixtinguishing
necaanisims were attributed to cooling, smothering, charring and/or
sapounificatiupn, Secondary fires occurreu frequently but the
auultion of a halogenateu hydrocarbon inhibited secondary dires.

Frieurich concluded that uibenzyltoiuene and sunflower
0il proved best suited as extinguishants for up to 100 g of alkali
metal, Calcium fluoride or graphite were the best powders tested.
Frieurich concluaed that liquids are best suited for quiescent
pools cof burning metals while powders are best suited for spills
which are not containeu,
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